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Even though the vast majority of volcanism on Earth occurs under water, very little is 
known about submarine volcanoes and their eruptions. The hydrostatic pressure at submarine 
vents was long thought to preclude submarine explosive eruptions, until recent exploration with 
submersibles revealed that widespread volcaniclastic deposits bearing striking similarity to the 
products of subaerial explosive eruptions are found to great depths in all the world’s oceans. 
This has inspired the current investigation into the relative roles of magmatic degassing and 
magma-water interaction that permit submarine basalt explosivity in the deep sea.
Lō`ihi Seamount is the youngest and southernmost active volcano in the Hawaiian-
Emperor Volcanic Chain. Its ~1 km deep summit plateau is home to many different volcaniclastic 
and pyroclastic deposits. A sampling-focused submersible dive series to Lō`ihi in 2006 provided 
the material for this study, which is divided into three parts, covering: Poseidic scoria cones, 
primary pyroclastic deposit L8, and limu o Pele.
 The “Poseidic” name is introduced for an end-member style of submarine basalt 
explosivity identified by measurable features of pyroclasts from two scoria cones on Lō`ihi’s 
summit plateau. Vesicle textures in lapilli, dissolved volatiles in matrix glasses and olivine 
hosted glass inclusions, and fine ash morphology, are used to constrain this uniquely submarine, 
cone-forming style of eruption. The Poseidic eruption style involves cooperative processes 
of strongly volatile-coupled degassing and hydromagmatic fragmentation, that challenge 
traditional assumptions about depth limitations to these processes.
 A bedded, primary pyroclastic deposit (“L8”), exposed in a fault scarp on Lō`ihi’s 
summit plateau allowed a series of samples to be collected upward through a volcaniclastic 
sequence. The bedding characteristics, clast vesicularities, microtextures, and geochemistry 
through the stratigraphy of this deposit indicate that the magma experienced variable ascent 
rates, and complex cooling regimes in the conduit. 
 Deep-sea limu o Pele, shards of basaltic glass commonly described as “bubble walls,” 
were found concentrated in ash lenses interbedded with thin lava sheets, and separated from an 
overlying volcaniclastic sequence by a discontinuity. Different theories have been presented about 
how these enigmatic particles form, either by hydrovolcanic volcanism, when submarine lava 
flows entrap and vaporise seawater, or by Strombolian-like explosive eruptions. The geometry 
and geochemistry of the Lō`ihi deposit provides compelling evidence for a hydrovolcanic, 
sheet-flow related origin. Theoretical considerations are presented to demonstrate that this 
process is viable even below the critical depth of seawater, where limu formation is driven by 
supercritical water, rather than water vapour.
 Submarine explosive eruptions are usually described by analogy to classical subaerial 
eruption styles, and many key eruption style-determining processes have previously only been 
treated theoretically. The robust samples collected for this study, and the detailed treatment of 
them, shows: (1) that submarine explosive eruptions are different from subaerial ones in almost 
all ways; (2) that many classical theories about what is and what is not possible at submarine 
volcanoes need constant reevaluation as new data become available; and (3) that the textures 
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Part 1. General Introduction
Chapter 1. Project rationale, location, methods 
1.1 Submarine volcanism 
 The majority of basaltic volcanism on Earth occurs under water (e.g., Crisp, 1984), 
and deep-sea volcanism, occurring primarily at divergent plate margins and hot spots, is 
an important process by which new oceanic crust is generated and sea-floor topography is 
determined (Bonatti, 1970).  Submarine volcanoes are difficult to study in situ, and very few are 
monitored, so their eruptions are comparatively poorly understood. In many ways, volcanoes 
on other terrestrial planets are better characterized and more closely observed than the ones in 
our own oceans (Francis, 2000, p. 322). Despite the technological achievements of the last 30 to 
40 years that have significantly improved our ability to observe, map, access, sample, and study 
the seafloor, submarine eruptions are still rarely detected, even more rarely observed, and their 
eruptive products are difficult and expensive to sample. As a consequence, the range of eruption 
styles that may be possible, or even common, in the deep sea still remains largely unknown.
This thesis is concerned specifically with styles of explosive eruption at Lō`ihi Seamount, 
Hawai`i. Unconsolidated volcaniclastic deposits at ~1 km depth on the summit plateau of Lō`ihi 
were sampled by manned submersible in October 2006. Observations and samples from the 
2006 dive series provide the backbone for a rigorous new approach to submarine explosive 
activity, which incorporates many techniques regularly used by physical volcanologists to 
characterize subaerial volcanoes. The work here focuses specifically on deposits from Lō`ihi, 
but the observations and interpretations are broadly applicable to volcanic activity at subaqueous 
basaltic volcanoes worldwide. 
 In one of the earliest investigations of submarine volcanism, McBirney (1963) assessed 
the potential explosivity of submarine eruptions. His calculations suggested that the hydrostatic 
pressure at subaqueous vents would suppress volatile exsolution (and thus vesiculation), 
placing a stringent depth limitation on explosive eruptions. He suggested that ~500 metres 
below sea level (mbsl) was the maximum depth for explosive eruption of basalt, with more 
volatile-rich silicic magmas retaining explosive potential to ~2000 m. This concept of a depth 
limit to basalt explosivity has been maintained for decades (e.g., Bonatti, 1970; Tazieff, 1972; 
Fisher, 1984; Fisher and Schmincke, 1984; Bonatti et al., 1988; Head and Wilson, 2003). It 
has been referred to variably as the “pressure compensation level” (PCL) (Fisher, 1984), or 
“volatile fragmentation depth” (Fisher and Schmincke, 1984). 
Based on the PCL criterion, the structural evolution of a seamount was considered 
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to be a two-phase process (Tazieff, 1972; Fisher, 1984; Bonatti et al., 1988). The first phase 
occurs below the PCL, and is dominated by effusive eruptions. Fisher (1984) estimated that 
~80 % of eruptive products below the PCL consist of lava flows, with the remainder consisting 
of volcaniclastic material created by non-explosive breakage of lava flows, or hyaloclastites 
(Rittmann, 1962; Batiza and White, 2000). The second phase of growth occurs above the PCL, 
where eruptions vary in style, and may be explosive (Tazieff, 1972; Fleet and McKelvey, 1978; 
Fisher, 1984; Binard et al., 1992). This model could be used to explain most of the observed 
surface features of seamounts (Moore and Fiske, 1969; Bonatti, 1970; Bonatti et al., 1988), 
with volcaniclastic material from deep on seamounts interpreted to be particles formed by 
non-explosive granulation (Rittmann, 1962; Carlisle, 1963), transported downslope as density 
currents (Fisher, 1984). Scoriaceous volcaniclastic material dredged or drilled from the ocean 
floor was then attributed to emergent or shallow volcanic activity above the PCL (Moore and 
Fiske, 1969; Tazieff, 1972; Fleet and McKelvey, 1978). 
Shallow subaqueous (<500 m depth) Surtseyan explosive eruptions are less enigmatic. 
Their emergent activity has been directly observed (e.g., Thorarinsson, 1967), and demonstrates 
that external water can strongly influence eruptive and depositional processes, and can increase 
the explosivity of otherwize effusive or mildly explosive basalt (White and Houghton, 2000). 
The emergent phases of Surtseyan volcanism occur at near atmospheric pressures, where 
volatile exsolution should not be significantly inhibited (McBirney, 1963). Traditional volatile-
driven explosivity can therefore explain the initiation of Surtseyan eruptions, with style-defining 
processes of magma-water interaction occurring within, and in plumes or jets emerging from, 
submerged or flooded vents (Kokelaar, 1983). Since the Lō`ihi deposits presented in this 
work are all from >>500 m deep sites, shallow Surtseyan eruptions, and particularly observed 
emergent activity, are not directly comparable. 
 It is the advent of submersible technology that has allowed deep submarine (>500 m) 
volcaniclastic deposits to be rigorously examined in situ. Thick, bedded volcaniclastic deposits, 
containing a range of highly vesicular or fluidal particles, have now been found at great depths 
in all the world’s oceans (Batiza et al., 1984; Smith and Batiza, 1989; Gill et al., 1990; Fouquet 
et al., 1998; Hekinian et al., 2000; Clague et al., 2003a, 2003b, 2008; Davis and Clague, 2003, 
2006; Eissen et al., 2003; Sohn et al., 2008). These deposits, and their particles, all bear striking 
resemblance to the products of subaerial explosive volcanism, and have inspired a reevaluation 
of the concept that hydrostatic pressure precludes explosive activity at abyssal depths. Since 
only the smallest submarine explosive eruptions have been directly observed, and these occurred 
at relatively shallow (< 600 mbsl) vents (Chadwick et al., 2008), current models draw heavily 
on theoretical considerations and parallels to well-understood subaerial eruption styles.
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 Head and Wilson (2003) presented a theoretical evaluation of the factors controlling 
different styles of submarine pyroclastic eruptions, and made inferences about their expected 
landforms. Partially reiterating the findings of McBirney (1963), they also proposed that 
there was a relatively shallow critical depth below which hydrostatic pressure would preclude 
Hawaiian-style fountaining eruptions for all but the most volatile rich alkalic basalts. They 
suggested that submarine Strombolian eruptions (e.g., Blackburn et al., 1976) were more likely, 
in which exsolved volatiles from larger volumes of magma than are actually erupted accumulate 
into conduit-filling slugs that buoyantly decouple from relatively slowly ascending melt When 
such slugs break through to the surface in seafloor vents, discrete eruptive bursts result. 
 Deep submarine explosive eruption styles are almost exclusively described by analogy 
to subaerial eruption styles, and are most commonly interpreted as Strombolian (Clague et al., 
2003b, 2008; Eissen et al., 2003; Head and Wilson, 2003; Davis and Clague, 2006; Sohn et al., 
2008), in order to reconcile their occurrence under high hydrostatic pressure. Some workers 
have also inferred Hawaiian-like submarine fountaining (Batiza et al., 1984; Gill et al., 1990; 
Clague et al., 2003a; Davis and Clague, 2003). It is important to note that the subaerial eruption 
styles are classically defined by their dispersal characteristics (Walker, 1973), although the 
definitions have partly evolved to include aspects of magma ascent rate (Wilson and Head, 
1981; Parfitt, 2004; Houghton and Gonnermann, 2008) and degassing style (Vergniolle and 
Jaupart, 1986; Parfitt, 2004). Even with the advantages now offered by submersible exploration, 
dispersal information is not available for any deep submarine eruption (White et al., 2003). 
Without observational evidence, it is impossible to ascertain if there is evidence for analogy to 
subaerial styles, making direct comparisons inappropriate.
 Submarine eruptions should differ from subaerial ones in almost all ways. The medium 
of liquid water, which surrounds deep submarine volcanic centres in virtually infinite abundance, 
differs substantially from air in its viscosity, density and heat capacity (Gill et al., 1990; Wohletz, 
2003). Consequently, only in-conduit processes, those occurring before the inevitable magma-
water interaction, have the potential to be somewhat equivalent to the subaerial cases. Because 
all parts of a deep submarine eruption take place below or within the water column, exit pressures 
well above atmospheric produce nonlinear differences in degassing history and fragmentation 
processes, dominate plume dynamics, and influence particle quenching, transport, and dispersal 
in uniquely submarine ways. 
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1.2 Thesis rationale and organisation
Some of the deposits described in this thesis have been previously sampled, and they are 
now investigated and interpreted using additional samples collected by submersible in October 
2006. A comprehensive approach has been taken to assess the similarities and contrasting 
characteristics of each deposit. The approach draws from new observational, textural, and 
geochemical data, theoretical considerations, and subaerial analogues (where appropriate), to 
elucidate some enigmas of submarine volcanism, and to explore the range of eruption styles 
that are unique to the deep subaqueous environment.    
The general purpose of this study is to characterize volcaniclastic deposits on the 
summit plateau of Lō`ihi Seamount, and to determine if some or all of them are the products 
of submarine explosive eruptions. Specifically, the purpose is to determine the styles of (1) 
magmatic degassing, and (2) magma-water interaction, that have influenced and determined 
eruption styles. Three important considerations influenced how this study has been conducted. 
Firstly, the aforementioned tendency within the volcanic literature to describe submarine 
explosive eruptions according to subaerial nomenclature is considered to be a limitation 
to accurate descriptions. There is currently a lack of terminology specific to the submarine 
environment, despite the fact that submarine eruptions should differ substantially from subaerial 
ones. Secondly, it is important to note that just as a subaerial volcano will erupt in a variety 
of styles, the same will be true in the submarine environment. Thus, each deposit examined in 
this thesis was investigated using self-similar techniques, but without a bias towards a single 
unifying eruption-style model. Thirdly, the general interpretive methodology followed in 
this thesis involves the use of measurable quantities in the deposits and particles to elucidate 
processes. Although this may seem elementary, it is only recently that observations and samples 
from deep submarine volcaniclastic deposits have started to become available in high enough 
quality and quantity to permit studies that are not largely theoretical.
 Four primary deposits, three of which are inferred to have been emplaced directly from 
eruption, were examined in parallel, and have been grouped according to their similarities and 
differences. Together with an introduction and conclusion, the groups yield a thesis in five 
parts:
Part 1. Introduction. 
 Part 1 provides background information on Lō`ihi Seamount and describes the methods 
used throughout the thesis.
Part 2. Poseidic Scoria Cones.
 Two of the main deposits examined in this study were found to have similar deposit 
characteristics, vesicle and microlite textures in lapilli, degassing histories, and ash-grain 
5
Part 1 Introduction
morphology. Details of these features in both deposits are presented together in Chapters 2 to 
6. The deposits are interpreted as the products of an explosive eruption style that is uniquely 
subaqueous, that is previously undescribed, and for which the new designation “Poseidic” is 
presented and detailed in Chapter 7. 
Part 3. Primary Pyroclastic Deposit L8.
 A thick, layered volcaniclastic deposit examined in this study is interpreted to have 
formed in submarine explosive eruption(s) that were not of the “Poseidic” style. This deposit is 
thus presented in its own part, with details of deposit characteristics, textures, and geochemistry 
covered in Chapters 8 to 11.
Part 4. Non-explosive volcaniclastic particles.
 An important consideration covered in Part 4 of the thesis, is that not all volcaniclastic 
material in the deep ocean is pyroclastic (i.e., primary fall and current deposits; White and 
Houghton, 2006). Deep-sea limu o Pele particles are considered by some authors to provide 
conclusive evidence for submarine Strombolian eruptions (Clague et al., 2003b, 2008; Sohn et 
al., 2008). In this study, however, a limu-rich deposit was discovered from just below a thick, 
layered deposit that is interpreted as non-primary (Clague et al., 2003a, 2009). The limu are 
interpreted to be the products of effusive eruptions. An in-depth look at this deposit and its limu 
is presented in Chapter 12, with theoretical considerations that challenge published assumptions 
regarding the origin of these common deep-sea volcaniclastic particles.
Part 5. Conclusion.
 Part 5 provides a conclusion and summary of the major findings in this study.
1.3. Discovery of Lō`ihi Seamount, Hawai`i
 The Hawaiian-Emperor Volcanic Chain extends >6000 km across the northern Pacific 
Ocean, and is comprized of over one hundred individual volcanoes that young progressively 
from the ~80 Ma Meiji seamount in the north, to the presently active volcanoes of Hawai`i in 
the south (Clague and Dalrymple, 1987). The island of Hawai`i is the southernmost subaerial 
landmass in the chain, and is home to five of Hawai`i’s youngest volcanoes, including the 
active Mauna Loa and Kīlauea. Mauna Loa and Kīlauea have been intensively studied and 
monitored since Thomas Jagger established the Hawaiian Volcano Observatory (HVO) in 1912. 
Kīlauea in particular is a “laboratory volcano” where virtually continuous, long-lived, activity 
has permitted rigorous study of volcanism in Hawai`i. It is, however, Lō`ihi Seamount, ~35 km 
southeast of the island of Hawai`i and ~1 km below sea level, that is the site of the youngest and 
southernmost volcanic activity in the Hawaiian-Emperor Chain.
 The sequence of events that established Lō`ihi’s existence, and status as an active 
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volcano, illustrate the enigmatic nature of submarine volcanism. Whereas subaerial volcanoes 
punctuate and dominate the terrestrial landscape, submarine volcanoes cannot be directly 
observed without focused exploration and may be discovered “accidentally”. Lō`ihi first 
appeared as an unnamed feature on early bathymetric maps of the seafloor surrounding the 
Hawaiian Islands (Stearns, 1946). In March-April 1952, a swarm of over 4000 earthquakes with 
epicenters located south of Hawai`i was detected by the HVO seismic network, leading to the 
first suggestion that submarine volcanism at the as-yet unnamed seamount might be responsible 
for the seismicity (MacDonald, 1952). Lō`ihi was officially named in 1955, with the release of a 
new study on the bathymetry surrounding Hawai`i (Emery, 1955). The name Lō`ihi, Hawaiian 
for “to be long,” or “to extend” (Emery, 1955), reflects the overall north-south elongate shape 
of the seamount. 
Even following this early work, Lō`ihi was still not widely recognized as an active 
volcano. Some studies still referred to it as an older feature (e.g., Moore and Fiske, 1969), 
assuming it to be one of the many seamounts in the vicinity of Hawai`i that formed near the East 
Pacific Rise during the Cretaceous (Garcia et al., 2006). Large, and well-located earthquake 
swarms in 1971-72 and 1979 eventually reminded the scientific community that Lō`ihi was 
potentially an active volcano (Klein, 1982). The seismic swarms of the 1970’s inspired a series of 
expeditions to Lō`ihi, in which deep-tow camera surveys showed fresh lavas and hydrothermal 
deposits on Lō`ihi’s surface (Moore et al., 1979; Malahoff et al., 1982), dredge hauls recovered 
fresh, glassy lavas and hydrothermal mineral deposits (Moore et al., 1979, 1982; Malahoff et al., 
1982), and new high-resolution bathymetry revealed details of the summit plateau (Malahoff 
et al., 1982). These studies confirmed that Lō`ihi was indeed a young and active Hawaiian 
volcano. 
1.4. Location and morphology of Lō`ihi  
Lō`ihi Seamount lies ~35 km southeast of the island of Hawai`i (Fig. 1.1), and abuts 
the submarine flanks of Mauna Loa and Kīlauea volcanoes, although it is largely underlain by 
Pacific Ocean crust (Garcia et al., 2006). Lō`ihi is entirely submarine, and rises ~5 km from the 
ocean floor (Garcia et al., 1998, 2006), to a ~12 km2 summit plateau at ~1200 metres below sea 
level (mbsl) (Fig. 1.2).
The development of (usually 2) rift zones is a characteristic feature of Hawaiian volcanoes, 
and reflects the preferred linear concentration of magmatic intrusion and extrusion in response 
to regional stress fields (Fiske and Jackson, 1972). The name-defining N-S elongate shape of 
Lō`ihi (Emery, 1955; Malahoff et al., 1982; Malahoff, 1987; Fornari et al., 1988) results from 
two such rift zones, which are subparallel (Malahoff et al., 1982; Fornari et al., 1988). The ~11 
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Fig. 1.1. The Hawaiian Islands.
Oblique view of the Hawaiian Island chain showing the position of Lō`ihi relative to the island of Hawai`i, Mauna 
Loa and Kīlauea volcanoes. Position of the Hawaiian Islands in the Pacific, inset.
Fig. 1.2.  Multibeam bathymetry of Lō`ihi Seamount.
Illumination from the NNE, 100 m contours, 100 m grid cell. Data collected 
from R/V Ka`imikai-o-Kanaloa in September 1996. Compliments of J.R.S. 
Smith. Summit plateau region is indicated.
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km long north rift and ~19 km long south rift have gentle surface slopes (Fornari et al., 1988). 
They are covered mainly with pillow and sheet lavas that are reported to be fresh in appearance, 
and lack substantial sediment cover (Garcia et al., 1993). The western and eastern flanks of the 
volcano dip more steeply than the rifts, both having been extensively over steepened by large-
scale mass wasting (Malahoff et al., 1982; Malahoff, 1987; Moore et al., 1989). 
 The small, ~12 km2 summit plateau of Lō`ihi is at ~1200 mbsl, and is inferred to be 
a caldera-like collapse structure (Malahoff, 1987), created by repeated withdrawal of magma 
down the rifts from the summit (Fornari et al., 1988). The summit plateau has several cone-like 
structures that rise to just under 1 km depth (see Fig. 1.3), and three deep (>300 m) collapse-
pit craters in the central summit region. The west pit is inferred to be the oldest (Fornari et al., 
1988; Garcia et al., 1993), followed by the east pit, and then “Pele’s Pit.” Pele’s Pit formed 
during an intense seismic swarm in 1996 (Lō`ihi Science Team, 1997; Davis and Clague, 1998; 
Garcia et al., 1998). The many small cones on the summit plateau generally lack sediment cover 
(Malahoff, 1987; Garcia et al., 1993), and are inferred to be the loci of recent eruptive activity 
on Lō`ihi (Fornari et al., 1988).
1.5. Lō`ihi’s Eruptive history
 The discovery of alkalic and tholeiitic lavas on Lō`ihi revolutionized general models of 
Hawaiian volcano evolution (Moore et al., 1982; Frey and Clague, 1983; Clague and Dalrymple, 
1987). Hawaiian volcanoes are now envisioned to have an alkalic pre-shield phase, followed 
by an intensive tholeiitic shield-building stage, followed by a post-shield alkalic stage. The 
juxtaposition of lava types on Lō`ihi indicates that it has just entered its shield-building stage 
(Moore et al., 1982; Clague and Dalrymple, 1987). Some debate surrounds the age and overall 
thickness of Lō`ihi. It was initially thought to be ~300 thousand years old, and ~3.5 km thick 
(Garcia et al., 1993), but Garcia et al. (2006) subsequently suggested that since the pre-shield 
to shield-building transition would be accompanied by a progressive increase in eruption rates, 
at least ~400 thousand years are required for Lō`ihi to have grown to its current thickness. This 
Fig. 1.3. Schematic cross section of Lō`ihi.
Schematic section showing thickness of Lō`ihi on 
Pacific Plate and submarine flank of Mauna Loa. 




would have occurred directly on top of the Cretaceous Pacific plate, making the thickness of the 
volcano closer to ~5 km, with only the northern portion of the volcano emplaced on top of the 
submarine flanks of Mauna Loa and Kīlauea Volcanoes (Fig. 1.3). 
 No eruptions have been directly observed at Lō`ihi. Recent activity is in large part 
inferred from seismic swarms, detected either by the Mauna Loa and Kīlauea HVO networks 
(MacDonald, 1952; Klein, 1982), by various ocean bottom seismometers (Bryan and Cooper, 
1995; Caplan-Auerbach and Duennebier, 2001), or by a combination of the two. Nine major 
seismic swarms have been detected since the pivotal swarms of the 1970’s, and for most of the 
swarms it remains unclear if they were accompanied by actual eruptions, or simply by sub-
surface magma movement (Bryan and Cooper, 1995). The 1996 seismic swarm, however, was 
by far the largest ever recorded (Caplan-Auerbach and Duennebier, 2001), and is associated 
with eruptive activity.    
 The Hawaiian Undersea Research Laboratory (HURL) launched a rapid-response 
submersible expedition to Lō`ihi following the 1996 seismic swarm (Lō`ihi Science Team, 
1997). The new bathymetric data collected on that cruise showed that the seismic swarm had 
been accompanied by the formation of Pele’s Pit (Lō`ihi Science Team, 1997). Hydrothermal 
vent fluids and minerals collected from the new vent indicated high-temperature hydrothermal 
activity associated with the collapse (Davis and Clague, 1998). Samples of an extremely fresh, 
glassy basalt breccia were collected from near the new Pele’s Pit, and were dated by 210Po-210Pb 
at only a few months before the seismic swarm (Garcia et al., 1998). This, and popping sounds 
recorded by ocean bottom hydrophones deployed during the rapid response cruise (Lō`ihi 
Science Team, 1997), suggested that eruption(s) may have preceded and/or accompanied the 
majority of the earthquakes. The events of 1996 represent the most recent confirmed - although 
still not directly observed - eruption of Lō`ihi.
1.6. Previous studies of Lō`ihi
 Due to its proximity to the island of Hawai`i, where Mauna Loa and Kīlauea volcanoes 
are intensely monitored and studied, Lō`ihi is remarkably well studied by submarine volcano 
standards. 
 The petrology of Lō`ihi’s lavas has received much attention, since the volcano is inferred 
to provide an analogue for the early stages of all Hawaiian volcanoes. Whole rock analyses of 
Lō`ihi samples, collected by dredging (Moore et al., 1982; Frey and Clague, 1983; Hawkins 
and Melchior, 1983; Garcia et al., 1989) and by submersible (Garcia et al., 1993, 1995, 1998) 
have been pivotal in refining temporal evolution models of Hawaiian shield volcanoes. Major 
elements, volatiles, and noble gasses in Lō`ihi glasses and olivine-hosted inclusions have also 
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been studied (Kurz et al., 1983; Byers et al., 1985; Garcia et al., 1989, 1993, 1995, 1998; Honda 
et al., 1993; Kent et al., 1999a, 1999b; Clague et al., 2000; Dixon and Clague, 2001; Hauri, 2002), 
in aid of characterizing the Hawaiian plume, determining parental volatile budgets, exploring 
crustal contamination processes, and documenting the history of geochemical evolution at the 
volcano.
 The seismic swarms on Lō`ihi, usually determined by seismic networks on the island of 
Hawai`i, have allowed its activity to be remotely monitored (MacDonald, 1952; Klein, 1982; 
Bryan and Cooper, 1995; Caplan-Auerbach and Duennebier, 2001). Temporary deployments of 
ocean bottom seismometers on Lō`ihi have allowed its velocity structure to be evaluated, and 
its seismicity to be related to volcanic activity (Bryan and Cooper, 1995; Caplan-Auerbach and 
Duennebier, 2001). 
 Hydrothermal fluids at Lō`ihi have been studied in great detail, sampled from individual 
vents (Karl et al., 1988; Sedwick et al., 1992, 1994; Hilton et al., 1998; Wheat et al., 2000) and 
from the water column above the volcano (Horribe et al., 1986; Gamo et al., 1987; Sakai et al., 
1987; Lupton, 1996; Garcia et al., 2006). Mineral deposits formed by hydrothermal circulation 
have also been examined (Malahoff et al., 1982; Davis and Clague, 1998). These studies have 
all indicated that Lō`ihi has an active system of hydrothermal circulation, including high-
temperature fluids (e.g., Davis and Clague, 1998) and fluids that appear to have a significant 
magmatic volatile component (Sakai et al., 1987; Karl et al., 1988; Sedwick et al., 1992, 1994; 
Wheat et al., 2000; Garcia et al., 2006).
Widespread, unconsolidated volcaniclastic deposits of possibly explosive origin have 
been observed and sampled by submersible at several locations on Lō`ihi’s summit plateau. 
Clague et al. (2000) presented a first treatment of deep-sea limu o Pele (“bubble wall”) 
shards collected from Lō`ihi, and Clague et al. (2003a) provided a thorough overview of 
volcaniclastic deposits on the summit plateau. They presented observations, reconnaissance 
sampling, componentry, and geochemical fingerprinting for several deposits, some of which 
are interpreted as polymict, reworked deposits, and others as monomict, primary volcaniclastic 
(White and Houghton, 2006) deposits. These groundbreaking studies of volcaniclastic deposits 
on Lō`ihi underpin the current investigation, and several of the deposits described by Clague 
et al. (2003a) were revisited and sampled in greater detail to provide the material for this work.
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1.7. Pisces IV dive series, October, 2006
A successful bid by Houghton and White to the US National Oceans and Atmospheric 
Administration’s National Underseas Research Program in 2004 provided support for 5 
dives operated by the Hawaiian Undersea Research Laboratory (HURL) to collect submarine 
pyroclasts from Lō`ihi in 2006. We departed from Honolulu aboard the Ka`imikai o Kanaloa 
(KOK) (Fig. 1.4A), the support ship for the Pisces IV and Pisces V submersibles (Fig. 1.4B,C), 
on October 6, to transit through the night to the Lō`ihi area. The dives then ran from October 
7-11, followed by one 24-hour period aboard the KOK while awaiting clearance to enter the 
Hilo harbour, on the island of Hawai`i. Calm seas and fair weather ensured that the allotted 
5 dives were executed successfully. This was fortuitous, since it is common for dives to be 
lost to inclement weather, poor sea conditions, or myriad potential technical difficulties with 
the submersible, especially in the area south of Hawai`i, where seas are notoriously rough (T. 
Kirby, pers. comm., 2006).
The dive schedule was planned to include visits to the most promising sites described 
by Clague et al. (2003a), and to explore potential pyroclastic deposits such as conical features 
and scarps (for exposure) identified on high resolution bathymetric charts. After each dive, the 
crew and science party would meet aboard the KOK to review that day’s dive, and modify, if 
necessary, the plan for the next day. This flexibility allowed us to draw on the expertise of the 
submersible pilots and crew to ensure that dive time was used to maximum advantage. 
Over the course of the dives, 36 samples of volcaniclastic material were collected, 
from seven different deposits; three of which had been previously described (Clague et al., 
2003a; their deposits D, J, and G). The 2006-sampled deposits are described, as appropriate, 
in the following parts of this work. All samples are listed in Table 3.1, with sample locations 
shown in Fig. 1.5. Throughout this work, the samples are referred to by their field name, which 
describes when and where the sample was collected. For example, 160-1-A(3) represents a 
sample collected on dive number 160, at location 1 of that dive, sample A at that location, and 
clast 3 (where appropriate), as numbered during clast density calculations (see Section 1.8.2 
and Appendix A). Table 3.1 also lists corresponding University of Otago (OU) numbers that are 
used for cataloguing of the samples; however, these are not used in the bulk of the text because 
they do not give context to the reader.  
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Fig. 1.4. HURL vessels used for submersible expedition to Lō`ihi.
A: R/V Ka`imikai o Kanaloa. B: Side view of the Pisces IV submersible. C: Front view of Pisces IV, show-
ing pilot and observer portholes and manipulator arms.
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Fig. 1.5. Bathymetry of Lō`ihi summit plateau.
Merged deep-tow and SIMRAD-surveyed bathymetry, 20 m contours, 3 m grid cells, showing pit craters and 
sample locations from the 2006 Pisces IV dive series. Deposits examined in this thesis are labeled: northern cone, 
southern cone, L8, and Limu o Pele-rich deposit. Compliments of J.R.S. Smith.
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Sample OU # Deposit
Depth 
(mbsl) Lat (N) Long (W)
Collection 
Technique
Dive number P4-160, 07/10/2006
160-1-A
OU77601
southern cone 1111 18.54.390 155.15.075 SS
160-2-A southern cone 1105 18.54.397 155.15.058 SS
160-3-A OU77602 southern cone 1100 18.54.439 155.15.005 VS
160-4-A OU77603 southern cone 1114 18.54.413 155.14.907 VS
160-5-A OU77604 southern cone 1179 18.54.486 155.14.853 VS
160-6-A OU77605 southern cone
1292 18.54.632 155.14.864
VS
160-6-B OU77606 southern cone VS
Dive number P4-161, 08/10/2006
161-1-A OU77607 northern cone 1113 18.56.159 155.15.442 SS
161-2-A OU77608 northern cone
1140 18.56.111 155.15.495
SS
161-2-B OU77609 northern cone SS
161-3-A OU77610 L6 1123 18.56.173 155.15.155 VS
161-4-A OU77611 L8 1165 18.56.314 155.14.837 VS
Dive number P4-162, 09/10/2006
162-1-A OU77612 L8 1170
18.56.310 155.14.841
SS
162-1-B OU77613 L8 1169 SS
162-1-C OU77614 L8 1167 SS
162-2-A OU77615 Limu-rich 1052
18.55.786 155.14.781
SS
162-2-B OU77616 Limu-rich ~1051 SS
162-2-C OU77617 Limu-rich ~1051 VS
162-2-D OU77618 Limu-rich 1051 VS
162-2-E OU77619 Limu-rich 1050 VS
162-2-F OU77620 Limu-rich 1049 VS
Dive number P4-163, 10/10/2006
163-1-A OU77621 L10 1351? 18.54.812 155.15.984 SS
163-2-A OU77622 L11 1203 18.54.751 155.14.739 SS
Dive number P4-164, 11/10/2006
164-1-A OU77623 L8 1168
18.56.267? 155.14.878?
SS
164-1-B OU77624 L8 1167 SS
164-1-C OU77625 L8 1166 SS
164-1-D OU77626 L8 1163 SS
164-1-E OU77627 L8 1162 SS
164-1-F OU77628 L8 1158 SS
164-1-G OU77629 L8 1148 SS
164-2-A OU77630 Limu-rich 1052 SS
164-3-A OU77631 Limu-rich 1055
18.55.766 155.14.764
VS
164-3-B OU77632 Limu-rich 1055 VS
164-3-C OU77633 Limu-rich 1052 VS
164-4-A OU77634 Limu-rich 1047
18.55.813 155.14.775
VS
164-4-B OU77635 Limu-rich 1047 VS
164-4-C OU77636 Limu-rich 1047 VS
Table 1.1. Samples collected in October 2006 dive series.
Depth measurements and locations taken using Pisces IV instrumentation. 




 The methods described in this chapter are applicable to multiple parts of the thesis. 
Methods that are used only once are given in the corresponding sections.
 The stepwise methodology applied in part, or in whole, to the deposits examined in 
this work is shown schematically in Figure 1.6. As previously mentioned, it is only recently 
that samples of volcaniclastic material are becoming available in sufficient volume and with 
sufficiently good field characterization to allow rigorous studies of submarine volcanism that 
are not largely theoretical. 
1.8.1. Sampling methods
 The dexterous manipulator arm of the Pisces IV submersible allowed a variety of precise 
sampling techniques to be employed. Initial attempts to use sediment push cores (Fig. 1.7A) 
proved ineffective. Such a technique has been used in previous studies that have concentrated 
on taking samples of fine grained, unconsolidated sediment (e.g., Clague et al., 2003b), but 
significant difficulties were encountered when attempting to push into the coarse fragmental 
volcaniclastic material that was the target of our dives, and recovery was poor. Greater success 
was had by using valve scoops (Fig. 1.7B) that allowed approximately 0.5 kg of material to be 
obtained directly from the deposit. Closing the valve after the sample was obtained ensured 
that no cross-sample contamination occurred. The drawbacks to this technique were the limited 
sample sizes, although multiple scoops were often used at a single sample site, the limited 
number (<10) of valve scoops available, and the additional time and operator effort required 
to employ both manipulator arms in closing the valve (e.g., Fig. 1.7B). The greatest sampling 
success was with a sediment scoop/ bio box combination (Fig. 1.7C,D). The sediment scoop 
was simply a ~40 cm length of ~8 cm diameter plastic tubing, with a cap on one end (Fig. 1.7C). 
Although a limited amount of material could be obtained in each individual pass of the scoop, 
the material could easily be transferred to the bio box, which had a closeable lid and contained 
18 individual, numbered segments (Fig. 1.7D). Training one camera on the bio box during 
sediment transfer allowed the segment number to be recorded, and any cross-compartment 
spillage to be identified. This technique allowed large samples (~several kilograms of material) 
to be collected from each sample site. In addition to any of the above techniques, the manipulator 
arm could also be used with some success to directly pluck larger samples from the outcrop.
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Fig. 1.6. Methodology flowchart.
Flowchart showing the complete range of techniques that can be applied to fully characterize and interpret sub-





Lapilli density was measured on clasts from the 32-64 mm size fraction of each sample, 
according to Archimedes’ principle (Houghton and Wilson, 1989). Individual clasts were 
dried, weighed in air, wrapped in Parafilm wax, and then weighed in water. Density was then 
calculated by:
       (1.1)
where rlap is clast density, ma, mw, mb, and mp are the masses of the clast in air, the wrapped clast 
in water, the ballast (if wrapped clast floats), and the wax used to wrap the clast, respectively. 
Clast density is then converted to clast vesicularity by:
 (1.2)
Fig. 1.7. Sampling techniques.
Images are video framegrabs from Pisces IV cameras. A: Sediment push core. B: Valve scoop. C: Sample 
scoop in Pisces IV manipulator. D: Transferring sample material from sediment scoop into bio box. 
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where flap is clast vesicularity, and rDRE is the density of a vesicle free basalt (taken as 2.83 kg/
m3, the highest density measured on nonvesicular Lō`ihi basalt in this study.
 Individual clasts were assigned unique numbers during density measurements, and these 
have been retained throughout the study. All density measurements are given in Appendix A.
1.8.3. Sample preparation
Representative lapilli from low, low-modal, modal, and high-density classes of each 
sample were selected for thin sectioning. In order to preserve the delicate internal textures of 
vesicular lapilli, the clasts were impregnated with epoxy prior to thin sectioning. Clasts, or 
portions of clasts were placed in a bath of epoxy (either Araldite diluted with acetone to reduce 
its viscosity, or Buehler Epothin), and then placed under vacuum in a bell jar. Once the epoxy 
bath stopped foaming with the removal of all air from within vesicles, the vacuum was slowly 
released, so that vesicle void space was filled with epoxy. The entire clast and batch was then 
allowed to harden before regular thin sectioning.
In cases where initial impregnation did not completely fill impermeably connected void 
space, thin sections were vacuum impregnated a second time on-slide, before final grinding and 
polishing to ~30 mm thickness.
Doubly polished sections for FTIR analyses were prepared using the same technique, 
except that singly polished stubs were attached to glass slides with CrystalBond thermal cement 
instead of regular epoxy. CrystalBond easily dissolves in acetone, allowing sections to be 
removed from glass slides after the second side was polished.
1.8.4. Vesicle texture quantification
Vesicle textures were examined and imaged using petrographic and scanning election 
(SEM) microscopes, and were quantified by the image processing technique outlined in Gurioli 
et al. (2005) and Shea et al. (2009). Nested images included 1200 dpi scans and SEM images at 
25x (252 pixels/mm) and 75x (770 pixels/mm). The vesicle populations are reasonably coarse, 
with minimum vesicle diameters of ~50 um. After several tests, magnifications higher than 75x, 
and in some cases only 25x, were deemed unnecessary. Measured vesicle areas were converted 
to volumes using the stereological conversion procedure of Sahagian and Proussevitch (1998) 
through a specially prepared Excelâ spreadsheet (Appendix B.1) and/or the FOAMS Matlabâ 




X-ray fluorescence mass spectroscopy
Whole-rock major element geochemistry was determined by x-ray fluorescence 
spectroscopy (XRF). Lapilli were powdered in a tungsten-carbide mill, and 0.64 g of the powder 
was fused into glass disks on an Automated Fusion Technology Ltd. Phoenix 4000 casting 
machine. Major element concentrations were determined on a Phillips PW2400 sequential XRF 
at the University of Otago, by Dr. K. Lily.  
 
Energy-dispersive electron microprobe analysis
Major element chemistry of glasses, glass inclusions (GIs), and some host olivine 
crystals were determined by quantitative energy-dispersive (EDS) electron microprobe 
(EMP) analysis on a JEOL JXA-8600 Superprobe, at the University of Otago, with 15 keV 
accelerating voltage, 1 nA beam current, and 200 s counting times. For each analysis, the beam 
was rasterized over as large an area of vesicle- and crystal-free glass as possible, to minimize 
the effects of heterogeneity, or damage under the electron beam. Spectra were processed using 
Moran Scientific software package, calibrated for peak intensities, positions, and overlaps with 
Smithsonian basaltic glass standards VG-2, VGA-99, and Indian Ocean glass. EDS was chosen 
over WDS to minimize destruction of the glass under the electron beam. Comparisons of EDS 
and WDS analyses for volcanic glasses indicate that EDS is a viable method for accurately 
determining major element concentrations (Reed and Ware, 1975). Replicate analyses of 
most glasses were obtained, and averaged to give reported compositions. GI compositions 
were adjusted for post-entrapment olivine crystallization using a step-wise reverse fractional 
crystallization procedure in the PETROLOG software (Danyushevsky, 2004), with olivine-melt 
partition coefficient (Kd) of 0.3 (Roeder and Emslie, 1970). Compositions reported in this work 
are in most cases the average of multiple EDS analyses from each sample, all analyses are given 
in Appendix C.1.
Wavelength-dispersive electron microprobe analysis
 A small number of olivine crystals were analyzed using a JEOL JXA-8600 Superprobe 
equipped with two wavelength-dispersive spectrometers, and ZAF correction software produced 
in-house (Trinder and Kawachi, 1993) at the University of Otago. Major elements Na, K, Si, 
Mn, Al, Fe, Mg, Ca, and Ti were analysed in order, with Na and K analysed first to minimize the 
effect of alkali migration under the electron beam. Parameters for quantitative analysis were: 
15 keV accelerating potential, 2.0 nA beam current, and 20 μm beam diameter, with a counting 
rate of 30 seconds. Raw WDS analyses are given in Appendix C.2).
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Fourier transform infrared spectroscopy
H2O and CO2 concentrations in lapilli matrix glasses were determined by with a 
Nicolet 6700 Fourier transform infrared spectrometer (FTIR), with a Nicolet Continuum FTIR 
microscope, at Massey University, Palmerston North, New Zealand. Transmission IR spectra 
in the range 4000-1200 cm-1 were measured using a KBr beamsplitter, and a liquid nitrogen 
cooled HgCdTe2 (MCT) detector, on doubly-polished glass chips ranging from 50-230 μm 
thick. Thicknesses were measured visually under a reflected light petrographic microscope 
with graduated eyepiece, with estimated error of ±5 μm. Background spectra were obtained 
using 2048 scans, and were subtracted from sample spectra using Thermo Electron Corp’s 
OMNIC software package. Sample spectra were obtained using 512 scans, which were in 
all cases indistinguishable from those taken with 1024, or 2048 scans. Peak heights for total 
H2O at 3530 cm
-1, molecular H2O at 1630 cm
-1, and carbon dioxide as CO3
- at 1515 and 1430 
cm-1, were measured graphically using the OMNIC software. Peak heights were converted 
to concentrations using Beer’s Law, with molar absorptivity values of 63±3 L/mol.cm, 28±2 
L/mol.cm, and 353±7 L/mol.cm for the 3535 cm-1, 1630 cm-1, and 1515-1430 cm-1 doublet, 
respectively (Dixon and Pan, 1995; Dixon and Stolper, 1995; Dixon et al., 1995; Dixon and 
Clague, 2001). Replicate FTIR analyses were taken on most samples, and averaged to give 
reported concentrations. All raw analyses are given in Appendix C.3.
Secondary ion mass spectroscopy
H2O, CO2, S, F, and Cl in glass selvages inclusions on individual olivine crystals pressed 
into indium disks, were measured with a Cameca IMS 1280 secondary ion mass spectrometer 
(SIMS) at the Northeast National Ion Microprobe Facility, Woods Hole Oceanographic 
Institution, Woods Hole, USA. Primary Cs+ ion beam, with 12 kV accelerating voltage, 1.2-
1.5 nA beam current, focused to ~10 μm spot size, rastered over 30x30 μm. Field aperture 
was 15x15 μm placed at the center of the sputtered area (30x30), such that only the central 
15x15 μm area was analyzed. Energy slit 50 eV. Entrance slit = 80.9 μm, exit slit = 176.8 
μm, producing a mass resolving power of ~5700, sufficient for separating all molecular ion 
interferences, including 17O from OH- (16O1H), 29Si1H from 30Si, 31P1H from 32S, and 34S1H from 
35Cl. Secondary acceleration was 10 kV. Normal-incidence electron gun was on to prevent 
positive charging of sample surface. 10 s counting times were repeated over 10 cycles, for total 
H2O and CO2 counting times of 100 s. Raw SIMS analyses are given in Appendix C.4.
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Chapter 2. Introduction and deposit characteristics
2.1 Introduction to Poseidic eruptions
 Explosive submarine eruptions have been described by analogy to subaerial eruption 
styles for which deposit dispersal is a defining characteristic (Walker, 1973); though ad hoc 
modifications to the subaerial classification scheme incorporate varying mechanisms of magma 
ascent and degassing (Wilson and Head, 1981; Vergniolle and Jaupart, 1986; Parfitt, 2004; 
Houghton and Gonnermann, 2008). Most workers have interpreted submarine explosive 
eruptions as Strombolian in style (Clague et al., 2003b, 2008; Eissen et al., 2003; Davis and 
Clague, 2006; Sohn et al., 2008), driven by the accumulation and escape of volatiles at unknown 
rates, from magma bodies of unconstrained sizes, at indeterminate depths. Such a scenario is 
difficult, if not impossible, to test. The deposits themselves have been characterized from small, 
almost exclusively fine-grained samples (Clague et al., 2003b, 2008; Davis and Clague, 2006; 
Sohn et al., 2008), and are often from unknown vents. These provide little textural evidence, 
and no dispersal information, to support analogies with subaerial eruptions of any type.
  In this part, two similar cone-forming pyroclastic deposits on the summit plateau of 
Lō`ihi are presented together. These are referred to as the northern and southern cones, and have 
been examined from several different perspectives. (1) Their deposit characteristics are used to 
ascertain particle transport and depositional processes (this chapter). (2) Vesicle and microlite 
textures in lapilli are used to assess the physical manifestations of degassing, decompression, 
and cooling (Chapter 3). (3) Major element chemistry and dissolved volatiles in matrix glasses 
and olivine-hosted glass inclusions are used to explore the geochemical records of ascent and 
volatile exsolution (Chapter 4). (4) Fine ash morphology is examined to determine if and how 
external water assisted in fragmentation (Chapter 5). Each aspect is compared to classical 
subaerial analogues, as appropriate. Together, these approaches reveal that the northern and 
southern cones erupted in a style that is unique to the deep submarine environment. This 
characteristically submarine eruption style, here termed “Poseidic,” is the first to be analytically 
defined for explosive subaqueous eruptions, and involves cooperative processes of volatile-
coupled degassing (with volatile fluids remaining in bubbles mechanically coupled to the melt 
from which they exsolved; see Section 4.1.1), and explosive magma-water interaction.
 Throughout the development of the Poseidic eruption style (Chapters 2-7), the northern 
and southern cone (also “NC” and “SC”) deposits are variably referred to individually, or 
collectively as the “Poseidic cones”. Interim interpretations and discussions pertaining to each 
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methodological chapter are given where appropriate, but a full discussion of the processes that 
coordinate to define the Poseidic eruption style draw on all these aspects, and is reserved for 
Chapter 7.
2.2. Examining submarine deposits “in the field”
 One fundamental limitation to interpreting submarine deposits results from the difficulty 
of exploring and observing them. The most basic techniques of field geology: hiking around 
on a deposit, picking up material to feel it in one’s bare hand and examine it with a land lens, 
exposing fresh interiors of rocks with a swift blow from a rock hammer; are basic techniques 
taken for granted by field geologists working on subaerial deposits, but are not possible in the 
deep ocean. The closest proxy to these techniques is found in the use of submersibles such as 
Pisces IV. Submersibles allow “direct” observation of deposits (through portholes, or though 
the use of video cameras), but even this is limited by restricted fields of view and low light 
levels, and on a given day, particulate matter in the water column may render observation 
completely ineffective. Furthermore, while sampling is reasonably precise with submersible 
maipulators, direct examination of the material must wait until the end of the dive, when the 
submersible is safely back on board the support ship. These limitations must be kept in mind 
while interpreting observations made by submersible, and care must be taken in moving from 
observations through to interpretations. 
2.3. Description of the Poseidic cones
 Two scoria cones were examined and sampled at Lō`ihi in the October 2006 Hawai`i 
Undersea Research Laboratory (HURL) Pisces IV dive series. The northern cone (NC), was 
previously described by Clague et al. (2003a; their “Deposit J”) as “part of a small scoria cone”. 
The NC is ~ 80 m high, with a summit at ~1060 mbsl. It is elongate in a NNE-SSW direction, 
with dimensions of ~550 m by ~275 m, and approximate volume of 2.5x106 m3. Two samples 
of multiple clasts were obtained from the saddle to the west of the NC, and one smaller, finer-
grained sample was obtained from the eastern flank of the NC (Fig. 2.1A). The southern cone 
(SC) is previously undescribed. It is ~60 m high, with a summit at ~1100 mbsl, is elongate in 
a ENE-WSW direction, and is dissected by what may be a poorly expressed fault. The SC has 
dimensions of ~600 m by ~450 m, and an estimated volume of 4x106 m3. Five samples from the 
flanks of the SC, after using the Pisces IV manipulator to scrape away several cm of sediment-
dusted debris from the surface, over the depth interval ~1292-1100 mbsl (Fig. 2.1D). Neither 
deposit has any exposed stratigraphy, and sampling was limited to the uppermost deposits of 
each cone.
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 Source vents are presumed to be located close to the summits of each of the cones. At 
the summit of the SC, there is a faintly discernable rim that may represent the edge of a partially 
infilled vent (Fig. 2.1E).
 The two deposits are similar in appearance, consisting of unconsolidated, nonwelded, 
poorly sorted, lapilli-dominated volcaniclastic material (Fig. 2.1B-C and E-F). Isolated, 
subspherical bombs up to 40 cm diameter were observed among the lapilli-dominated material 
(Fig. 2.1B,C). The bombs could not be collected intact, as they were too big to fit into the 
sediment scoops, and broke into small pieces when plucked directly from the deposit with the 
manipulator. Fragments of these bombs were, however, collected in sediment scoops along with 
intact lapilli and ash.
2.4. Interpretation of Poseidic deposit characteristics
A significant first-order hurdle in the interpretation of submarine volcaniclastic deposits 
is to determine if they are pyroclastic. No volcaniclastic landform of positive relief can be 
generated entirely by sedimentary processes (White et al., 2003). The geometries of the Poseidic 
cones provide strong evidence that each was created by ejection of material from a central vent. 
Direct observation of the outer surfaces of the cones did not reveal any pillow lobes, sheet 
flows, or other effusive eruption products that could have brecciated to generate fragmental 
material to be dispersed downslope gravitationally, and the fragments are too coarse to have 
been accumulated by currents on the seafloor plain.
A full interpretation of particle transport and dispersal syles requires an incorporation of 
deposit morpholgy and clast textures, and is reserved for the following chapter. 
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Fig. 2.1. Poseidic deposit characteristics.
A, D: Bathymetry of the northern and southern cones, enlarged from dashed boxes in Fig. 3.2, both panes at same 
scale. Sample locations marked by black stars (this study) and white star (Clague et al., 2003). B: Northern cone 
fluidal bomb, laser point spacing = 16 cm. C: Northern cone deposit, field of view ~3 m, arrow indicates bomb. 
E: Top of southern cone, with exposed material below flat-topped, possibly infilled vent, Pisces IV sample rack in 
foreground, field of view ~2 m. F: Small ridge near base of southern cone, field of view ~ 5 m.
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Chapter 3. Poseidic Lapilli textures
3.1. The study of vesicle and microlite textures
 The use of textures in individual clasts collected by submersible is more reliable 
for determining eruptive style, because it is not subject to as many uncertainties as direct 
observations are (see Section 2.2). Provided that samples are collected in a systematic way, 
individual clasts preserve detailed information about their history of formation, transport, and 
dispersal in their external and internal textures. This chapter uses textural features of lapilli (2-
64 mm diameter) from the northern and southern (NC and SC) Poseidic cones to examine the 
preserved physical manifestations of magma ascent, degassing, and cooling, and links these to 
the Poseidic eruption style. 
  
3.1.1. Textural analysis of basaltic pyroclasts
 There is a rapidly expanding body of volcanological work aimed at linking vesicle 
textures in basaltic rocks with eruption styles and conduit processes. This work now covers 
Strombolian (Lautze and Houghton, 2005, 2007, 2008; Polacci et al., 2006, 2008), Hawaiian 
(Mangan et al., 1993; Cashman and Mangan, 1994; Mangan and Cashman, 1996; Polacci et al., 
2006), Plinian (Sable et al., 2006, in press; Costantini et al., 2009), and subaerial hydromagmatic 
(Mastin et al., 2004) deposits; subaerial lava flows (Cashman and Mangan, 1994; Cashman et 
al., 1994; Cashman and Kauahikaua, 1997; Herd and Pinkerton, 1997); and some submarine 
lavas (Burnard, 1999).
 Microlite formation in basaltic rocks has been linked variably with magma ascent 
history (Taddeucci et al., 2004; Sable et al., 2006; Toramaru and Miwa, 2008; Toramaru et al., 
2008), cooling rates (Cashman et al., 1999; Monecke et al., 2004; Hammer, 2006) and post-
depositional devitrification (Kirkpatrick, 1978; Faure and Schiano, 2004).
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3.2. Methods
Clast densities of lapilli from the NC and SC samples were determined as described in 
Section 1.8.2, thin sections were prepared as described in Section 1.8.3, and vesicle textures 
were quantified as described in Section 1.8.4. 
To aid in assessing the relative roles of vesicle nucleation, growth, coalescence, and 
volatile loss in the development of vesicle populations, quantified vesicle parameters were 
applied to the textural evolution test of Herd and Pinkerton (1997). The test compares the 
specific surface area of vesicles (Sv), 
 (3.1)
where ΣP is the sum of perimeters of all vesicles in a given reference area (A), to the image-
derived vesicularity (Φ) in A.
Microlite phases were identified by backscattered SEM, and qualitative energy-dispersive 
(EDS) electron microprobe analysis. Due to the finely dendritic habit of the microlites, it was 
impossible to determine absolute size (crystal area or volume) distributions. The degree of 
groundmass crystallinity (fxst) was determined by thresholding binary SEM images at 2000x 
magnification in Scion Image. The surface area to volume ratio (Sv
P),
     (3.2)
of anhedral microlites was determined, where NL is the number of intersections between 
microlite grain boundaries and randomly oriented reference lines, divided by the length of those 
lines on 2000x SEM images, following Hammer (2006). Sv
P measures the relative irregularity 
of microlite shapes.
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3.3. Results
3.3.1. Poseidic clast descriptions
 The lapilli size fraction (2-64 mm) of samples collected at both the NC and SC consists 
entirely of juvenile particles, with blocky to slightly fluidal shapes. Henceforth in this chapter, 
the term scoria is used for coarse lapilli that appear to have attained their current size by syn-
eruptive fragmentation, as indicated by the presence of uniformly dull, light grey, cauliform 
quenched margins (Fisher and Schmincke, 1984) on all, or several, sides. The term bomb 
fragment is used for lapilli-sized clasts that appear to be derived from larger (>64 mm) ejecta, 
with particularly blocky shapes, and a combination of quench textures on only some sides, and 
vitreous surfaces punctuated by open vesicle networks on the other sides (Fig. 3.1).
 Both lapilli types contain zones of brown sideromelane glass and variable amounts 
of tachylite. In scoria, zones of sideromelane are at clast rims adjacent to variable amounts 
of tachylite. In bomb fragments, sideromelane forms the quenched rims, and grades inward 
into progressively more crystalline tachylite towards fractured surfaces. This gradation is 
accompanied by progressive changes in vesicle populations, coincident with sideromelane-
tachylite transitions, and within tachylite. In order to accommodate this variability, clasts have 
been divided into one to three zones for textural analysis (example divisions on clast 161-2-
A(3) in Fig. 3.1) Zone A comprises the quenched sideromelane rims found in most scoria, 
and typically on one edge of bomb fragments. Assigned to Zone B are areas of less crystalline 
tachylite in contact with sideromelane, found occasionally in scoria and ubiquitously in bomb 
fragments. Zone C consists of areas with more highly crystalline tachylite at what would have 
been the original “interiors” of bombs, primarily distinguished in thin section from Zone B by 
a marked difference in vesicle populations (Fig. 3.1).
Part 2 Poseidic Scoria Cones
28
Fig. 3.1. Poseidic clasts.
Representative scoriaceous lapilli (scoria) and bomb fragments from each of the northern and southern cones are 
shown with their corresponding thin sections. Sample names in brackets. Divisions on northern cone bomb frag-
ment show separately quantified textural zones A-C. Similar divisions were made, but are not shown for the other 
clasts, with only A and B zones in scoria.
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3.3.2. Poseidic bulk density/vesicularity
 Bulk density was measured for clasts within the two NC samples (161-2-A and 161-2-
B; Table 3.1), and the four SC samples (160-1-A, 160-3-A, 160-4-A, and 160-5-A; Table 3.1) 
that contained enough coarse material to yield statistically valid density distributions (all data 
in Appendix A). These measurements are not corrected for phenocryst contents, and are used 
primarily to make general inferences about the homogeneity of vesicularity in the deposits, and 
to select representative clasts for further analysis.
 Since the samples were all collected from just below the outer surface of the cones 
(~same stratigraphic horizons), and since the density histograms for all samples from each cone 
show well defined, equivalent, modes, all density/ vesicularity data has been grouped together 
for each deposit (Fig. 3.2). The modal densities are ~1300 kg/m3 for the NC, and ~1650 kg/m3 
for the SC, which are equivalent to ~55% and ~42% vesicularity, respectively. Scoria cannot be 
distinguished from bomb fragments by their bulk vesicularities alone.
 The bulk vesicularities in these deposits are much higher than the ~0-20 % vesicularities 
commonly reported for extrusive basalts at Lō`ihi (Moore et al., 1982; Garcia et al., 1998, 2006; 
Dixon and Clague, 2001), though rare lavas and pillow rinds have marginally greater than 40% 
vesicles (Garcia et al., 2006; D.A. Clague, pers. comm., 2007). The vesicularities are below 
or just within the low end of the ~45-95% (modal ~60%) range for the products of subaerial 
Hawaiian fire fountaining (Cashman and Mangan, 1994; Mangan and Cashman, 1996; Polacci 
et al., 2006), and the ~40-76% range reported for subaerial Strombolian pyroclasts (Lautze and 
Houghton, 2005; Polacci et al., 2006).
Fig. 3.2. Poseidic density histograms.
Top panel shows range of vesicularities reported for 
products of different basaltic eruptions for compari-
son. See text for references.
Part 2 Poseidic Scoria Cones
30
Fig. 3.3. Poseidic vesicle textures.
Typical vesicle textures in zones A-C of northern and southern cone clasts. Images converted to greyscale 
from SEM images at 25x magnification. White = groundmass glass (± microlites), black = vesicles, grey = 
phenocrysts. All images are at the same scale. 
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3.3.3. Qualitative observations of vesicle textures
 In NC clasts, Zone A regions of sideromelane are dominated by small, sub-spherical 
vesicles, with a faintly discernable fabric defined by slight vesicle flattening sub-parallel to clast 
margins. The rare, larger vesicles within sideromelane zones occasionally have polylobate, 
amoeboid shapes indicative of coalescence immediately before quenching. Zone B of NC 
clasts is again dominated by sub-spherical vesicles, but of noticeably lower number density (a 
measure of abundance expressed as the number of vesicles per unit volume of melt), and larger 
mean vesicle size. Zone C (where present) of clasts from the NC shows further coarsening 
of vesicles, and reduction in vesicle number density, with the vesicles maintaining their sub-
spherical shapes. Zone C lacks a subpopulation of smaller vesicles.
Zone A of SC clasts has a more diverse and coarser vesicle population than Zone A of 
the NC clasts, with a small but increased proportion of amoeboid, newly-coalesced, vesicles. 
Zone B of SC clasts has apparently bimodal size distributions of vesicles, with the small 
vesicles generally sub-spherical, and the largest vesicles sub-spherical to amoeboid. There 
is evidence that phenocrysts influenced vesicle shape, since vesicles are partially flattened in 
parallel alignment with crystal edges (Fig. 3.3, southern cone B, right side). Some large Zone 
B vesicles are flattened against the tachylite-sideromelane, (Zone B-A), boundary, indicating 
that the quenched Zone A rim provided a rigid barrier to further vesicle growth or movement 
in that direction. SC clasts rarely contain a well-defined Zone C, but where present, this zone 
contains a very coarse population, and few small vesicles. The large vesicles in this zone are 
sub-spherical, except where contorted around the abundant phenocrysts.
3.3.4. Quantitative measurements of vesicle textures
 Vesicle number density (Nv), mean vesicle equivalent diameter (EqD), image-derived 
vesicularity (Φ), and specific surface area (Sv) for textural zones A-C within scoria and bomb 
fragments from the NC and SC are presented in Table 3.1 (raw vesicle measurements are given 
in Appendix B.2). Vesicle volume histograms and textural evolution tests for textural zones in 
representative clasts are presented in Fig.s 3.4 and 3.5.  
 In the NC clasts, Zone A Nv ranges from 4.7x10
4 to 3.5x105 cm-3 (mean of 1.5x105 cm-
3), and EqD from 0.16 to 0.33 mm (mean of 0.25 mm). Zone B (scoria and bomb fragment) 
Nv ranges from 1.7x10
4 to 1.3x105 cm-3 (mean of 5.1x104 cm-3), and EqD from 0.26 to 0.45 
mm (mean of 0.35 mm). Zone C (bomb fragments only) Nv ranges from 9.1x10
3 to 9.3x103 
cm-3 (mean of 9.1x103 cm-3), and EqD ranges from 0.48 to 0.57 mm (mean of 0.53 mm). The 
mean image-derived vesicularity of Zone A is 44%. Image-derived vesicularity does not change 
significantly or systematically across textural zones, despite the described changes in vesicle 
sizes and abundance.
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 Vesicle volume histograms for NC clasts (Fig. 3.4) show well defined modes in Zone 
A. The vesicle modes shift to coarser sizes and become more pronounced in Zone B histograms 
of low, low-modal, and modal clasts, but become broader in Zone B of the high density end 
member. Histograms of Zone C (where present) show another shift in mode to larger vesicle 
sizes and/or slightly polymodal volume distributions.
 In the SC clasts, Zone A Nv ranges from 3.2x10
4 to 1.8x105 cm-3 (mean of 3.7x104 cm-3), 
and EqD ranges from 0.19 to 0.36 mm (mean of 0.26 mm). Zone B Nv ranges from 2.2x10
4 to 
1.8x105 cm-3 (mean of 9.2x104 cm-3), and EqD ranges from 0.25 to 0.39 mm (mean of 0.32 mm). 
Clearly-defined Zone C textures are rare in SC clasts, and were measured for only one sample, 
with Nv of 3.2x10
4 cm-3, and EqD of 0.37 mm. Image-derived vesicularity of Zone A is 34%, 
and typically increases from Zone A to B in SC clasts.
Table 7.1. Poseidic vesicle quantification
A: Sideromelane B: Tachylite I C: Tachylite II Evolution
Density Clast Ves.Cryst. φ Nv EqD φ Nv EqD φ Nv EqD
Clast Class Type (%) (%) (%) (cm-3) (mm) Sv  (%) (cm
-3) (mm) Sv  (%) (cm
-3) (mm) Sv A-B B-C
Northern cone
161-2-B(21) Low Lap. 69 0 33 3.50E+5 0.19 5.5 49 1.31E+5 0.28 6.8 N/A G
161-2-A(6) Low B.F. 65 3 55 3.16E+5 0.26 7.8 62 3.44E+4 0.45 4.8 41 9.33E+3 0.48 2.3 C±G L±C
161-2-A(7) L- Mod Lap. 57 3 46 1.05E+5 0.29 6.1 43 5.61E+4 0.36 4.6 N/A C
161-2-A(3) L- Mod B.F. 56 4 42 1.98E+5 0.19 8.6 47 7.01E+4 0.34 4.4 37 9.14E+3 0.57 2.9 C  C±L
161-2-A(2) L- Mod Lap. 55 2 47 7.22E+4 0.32 5.9 47 4.96E+4 0.4 4.6 N/A C
161-2-A(1) Mod Lap. 54 1 50 5.75E+4 0.33 6.1 N/A N/A
161-2-B(1) Mod Lap. 54 2 38 1.45E+5 0.24 5.6 36 3.50E+4 0.34 2.6 N/A C
161-2-B(2) Mod Lap. 54 1 37 1.39E+5 0.16 4.6 46 2.69E+4 0.26 4.5 N/A G±C
161-2-B(4) Mod Lap. 53 5 58 9.87E+4 0.3 7.8 60 3.68E+4 0.43 4.7 N/A C
161-2-B(44) High Lap. 47 2 32 4.72E+4 0.26 5.1 28 1.66E+4 0.32 3.4 N/A C±L
Southern cone
160-3-A(7) Low Lap. 48 10 41 3.24E+4 0.36 4.8 38 2.21E+4 0.39 3.6 N/A C±L
160-5-A(7) L- Mod Lap. 46 4 32 1.78E+5 0.19 6.8 38 4.14E+4 0.3 5.2 N/A C±G
160-1-A(11) Mod B.F. 43 14 34 5.21E+4 0.26 5.7 45 1.81E+5 0.25 5.1 N/A N,G,C
160-4-A(6) Mod Lap. 43 16 35 9.19E+4 0.24 5.5 46 1.26E+5 0.38 3.5 N/A N,G,C
160-4-A(3) Mod Lap. 43 10 N/A 43 3.91E+4 0.32 5.5 N/A
160-5-A(2) Mod B.F. 42 14 29 3.16E+4 0.26 5.2 45 9.06E+4 0.29 5.2 47 7.19E+4 0.37 3.9 N,G C
160-1-A(17) High Lap. 21 15 N/A 17 8.12E+4 0.19 2.9 N/A
Table 3.1. NC and SC vesicle quantification.
Density class refers to position in density histograms (Fig. 3.2). Clast types are scoria (Lap) and bomb 
fragments (B.F.). Nv = vesicle number density per unit volume of melt, corrected for phenocrysts and 
void space. EqD = median vesicle size expressed as diameter of a sphere of equivalent volume. Φ = image-
derived vesicularity in each zone. Evolution mechanisms are: N = nucleation, G = growth, C = coalescence, 
L = loss. 
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Fig. 3.4. Northern cone vesicle quantification.
Vesicle volume histograms and textural maturation processes for northern cone clasts. Histograms for zones A-C 
as appropriate for examples of low, low-modal, modal, and high density clasts. Process test according to Herd and 
Pinkerton (1997) with legend inset.
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Fig. 3.5. Southern cone vesicle quantification. 
Vesicle volume histograms and textural maturation processes for southern cone clasts. See caption to Fig. 3.4.
Vesicle volume histograms for SC clasts (Fig. 3.5) do not show well-defined modes 
in Zone A. The distributions are broad or bimodal, with a lesser mode coincident with larger 
vesicle sizes. Clasts with bimodal Zone A distributions have unimodal Zone B distributions 
with intermediate vesicle sizes as the mode, and clasts with unimodal Zone A distributions 
have slightly bimodal Zone B distributions. The single Zone C volume distribution acquired for 
SC clasts is unimodal, with the same shape as the associated Zone B distribution, only shifted 
to slightly larger vesicle sizes. The high density end-member SC clast only contains Zone B 
tachylite, with a broad, polymodal vesicle volume distribution.         
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Fig. 3.6. Poseidic microlite gradations.
Gradations in microlite textures through typical 
bomb fragments from the northern and southern 
cones. Graph shows the degree of disequilibrium, 
or diffusion-limited growth in each zone, quanti-
fied according to Hammer (2006).
3.3.5. Microlite textures
 Clinopyroxene is the only microlite phase identified in the NC and SC clasts. Microlites 
are completely absent from Zone A of scoria and bomb fragments from both cones. The Zone 
A-B boundary is marked by a sharp transition from 0 to >50% groundmass crystallinity; Zone 
B lacks the spherulitic devitrification textures commonly seen in pillow lavas (Kirkpatrick, 
1978).
Changes in the degree of groundmass crystallinity (fxst) are negligible from tachylitic 
Zones B to C, but microlite textures change dramatically. Zone B microlites have dendritic, 
feathery textures, in which it is impossible to discern individual crystals. Zone C microlites are 
larger, and less dendritic than in Zone B. The transition in microlite textures is gradational, with 
microlites becoming larger, and more regular in shape toward Zone C.
 Fig. 3.6 shows a series of backscatter SEM images taken through representative bomb 
fragments from the Poseidic cones, with quantification of the microlite crystal shapes (Sv
P) 
(Hammer, 2006). Microlites with more irregular dendritic shapes yield higher Sv
P values than 
those with more regular shapes. The graph in Fig. 3.6 shows that Sv
P steadily declines from 
Zone B to the interior of Zone C.
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3.4. Interpretation of Poseidic textures 
 As developed below, the vesicle and microlite textures within scoria and bomb 
fragments in the northern and southern Poseidic cone deposits preserve evidence for two 
distinct phases of development. Textures in quenched sideromelane zones (Zone A) are inferred 
to be “syn-fragmentation”- developed in conduit, by processes beginning with magma ascent, 
and terminated by rapid quenching upon fragmentation. Textures preserved in tachylite zones 
(Zones B±C) are inferred to be “post-fragmentation”- developed after eruption, by slower 
cooling of the interiors of clasts erupted into the overlying water column. For this reason, the 
former shed light on conduit processes leading to eruption and on the physical condition of 
the melt at the time of fragmentation. The latter provide a useful constraint on rates of heat 
transfer in the post-fragmentation environment, and on the timing of transport and depositional 
processes at the Poseidic cones.
  
3.4.1. Syn-fragmentation textures
The vesicle number densities (Nv) in sideromelane zones of NC and SC Lō`ihi clasts 
vary over less than an order of magnitude (Table 3.1), indicating that the magmas feeding each 
of the Poseidic cone eruptions were homogeneously vesiculated at the time of quenching. The 
image-derived vesicularity (Φ) indicates that the magmas had ~44 %, and ~34 % vesicles, 
respectively, at the time of eruption. 
Vesicle textures can develop by 6 primary processes: nucleation, diffusive growth, 
decompressive expansion, coalescence, collapse, and escape (Cashman and Mangan, 1994). 
In Zone A of NC clasts, the apparent sub-spherical vesicle shapes (Fig. 3.3), and unimodal 
volume histograms (Fig. 3.4) indicate that the vesicles in the NC magma evolved in the 
conduit by a relatively simple process of nucleation, growth, and expansion, during which 
bubbles remained coupled to the surrounding melt. There is no evidence to suggest that any 
significant bubble coalescence accompanied ascent. Consequently, there is no evidence that (1) 
bubbles were actively decoupling from (and rising buoyantly through) the melt in a scenario 
that could potentially produce large decoupled gas slugs required to drive Strombolian-style 
eruptive bursts (Blackburn et al., 1976; Wilson and Head, 1981; Parfitt, 2004; Houghton and 
Gonnermann, 2008), although the largest, conduit-filling gas slugs would not be preserved in 
individual clasts; or (2) that the melt had achieved sufficient bulk porosity (~70 %; Namiki 
and Manga, 2008) or the interconnected network of bubbles (Polacci et al., 2008) required to 
permit permeable open-system gas loss, which would be accompanied by a decline in explosive 
potential (Namiki and Manga, 2008). 
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Zone A textures in SC clasts are slightly different. The presence of occasional amoeboid 
vesicles suggests incipient modification of the original vesicle texture by minor bubble 
coalescence immediately prior to eruptive quenching. The bimodal volume histograms in the 
low- and modal- density clast also support a limited role for coalescence, since the presence 
of a few large vesicles will make a disproportionately large contribution to the overall vesicle 
volume (Cashman and Mangan, 1994). SC magma thus underwent some evolution in the 
conduit, through processes of nucleation, growth, and expansion, to attain a syn-fragmentation 
vesicularity of ~34%, with a very minor coalescence signature superimposed on this. The 
amoeboid shape of the coalesced vesicles indicates that the coalescence occurred immediately 
before quenching, so that the newly coalesced bubbles did not have time to relax back to 
spherical shape. 
 Microlites are conspicuously absent from Zone A sideromelane. Microlites may develop 
in magma by heat loss (Walker et al., 1976, 1978; Lesher et al., 1999; Hammer, 2006), or 
by “effective undercooling” during rapid decompression and dehydration (Geschwind and 
Rutherford, 1995; Hammer and Rutherford, 2002; Sable et al., 2006). There is evidence for 
contrasting roles for each of these processes in different explosive basaltic eruption styles, and 
each process has different implications for magma rise speeds. Melt may develop microlites by 
cooling during slow ascent at conduit walls, and then be entrained with more fluid, microlite-
poor melt from the centre of the conduit during Strombolian eruptive bursts (Taddeucci et al., 
2004). They can also form by undercooling during rapid decompression/ dehydration of melt in 
basaltic Plinian eruptions (e.g., Sable et al., 2006, 2009). Pyroclasts produced in Hawaiian fire 
fountains typically have lower microlite contents than those produced by Strombolian or Plinian 
eruptions (Polacci et al., 2006), demonstrating intermediate ascent rates with neither stagnation 
nor rapid decompression (Wilson and Head, 1981; Parfitt, 2004; Houghton and Gonnermann, 
2008). The lack of microlites in Zone A of Poseidic lapilli, together with the vesicle-size 
distributions, suggest that the magmas experienced uninterrupted ascent from storage to the vent 
at a moderate rate, neither stagnating and cooling in the conduit, nor decompressing quickly 
enough to crystallize by syneruptive undercooling. Microlites in Zones B+C are interpreted to 
have formed after fragmentation of the microlite-free magmas.
3.4.2 Post-fragmentation textures
The sideromelane Zone A is considered to be the parent texture from which the tachylitic 
zones B±C developed. The textural evolution criteria of Herd and Pinkerton (1997) (Table 3.1, 
Figs. 3.4-3.5), imply that successive textural zones in NC clasts evolved primarily by bubble 
coalescence. Coalescence is the result of merging existing vesicles, and does not require any 
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further exsolution of volatiles from the melt or decompressive expansion, which is consistent 
with the apparent lack of breadcrusted surfaces on NC bombs, as observed from the submersible 
(Fig. 2.1C). It is contradictory, however, to the previous mention that there was no qualitative 
evidence for coalescence in the NC textures. The paradox can be explained because qualitative 
evidence for coalescence is only preserved if the clast is quenched before the newly-coalesced 
vesicles have time to relax back to sub-spherical shapes by capillary drainage (Proussevitch et 
al., 1993). Once this occurs, coalesced vesicles do not look any different from those that grew 
by decompresion and diffusion. In SC clasts, the processes of bubble nucleation, growth, and 
coalescence appear to have acted concurrently to modify the vesicle textures, suggesting that 
volatile exsolution continued in the interiors of SC bombs after fragmentation, possibly causing 
expansion that would enhance the fragility of the bombs.
 The surface area to volume ratio (Sv
P; a measure of grain irregularity), of clinopyroxene 
microlites in clasts from both deposits decreases from their first appearance in chilled rims, 
toward the interiors of clasts (Fig. 3.6). High Sv
P is related to dendritic microlites formed in 
response to high degrees of undercooling, which causes crystallization under diffusion-limited, 
disequilibrium conditions (Lofgren, 1974; Muncill and Lasaga, 1987). In the case of cooling-
induced crystallization, the degree of grain irregularity (Sv
P) scales with cooling rate (Hammer, 
2006). The sudden appearance of microlites at the Zones A-B transition, and then gradational 
changes in microlite morphology inward through Zones B-C of the Poseidic clasts indicate that 
cooling rates within clast interiors were not uniform, and suggest that the different textural 
zones formed in response to contrasts in cooling rates and times.
Part 2 Poseidic Scoria Cones
40
3.5 Discussion of Poseidic clast textures
3.5.1. Textural implications for eruptive style
 It is a necessary simplification to compare submarine pyroclasts to subaerial pyroclasts, 
since the latter are much more rigorously characterized. Vesicle textures in Poseidic lapilli from 
Lō`ihi resemble those in scoria from the 1959 Kīlauea Iki Hawaiian fire fountains (Fig. 3.7B). 
Observed episodicity of Kīlauea Iki fountains implies some degassing variability (Houghton 
and Gonnermann, 2008), but late-stage exsolution of magmatic H2O in this classic Hawaiian 
fountaining eruption was melt-coupled (Parfitt, 2004), producing many small, spherical vesicles 
in its ejecta. Similarly strong volatile coupling is inferred for the Poseidic magmas. It is important 
to note, however, that this is a loose comparison to Hawaiian scoria. Hawaiian fire fountains 
are not unique in having experienced volatile-coupled degassing. The same can be said of the 
more vigorous Plinian eruptions (Sable et al., 2006, 2009; Houghton and Gonnermann, 2008), 
indicating that any comparison between submarine and subaerial eruption products must be 
treated with caution. The Poseidic clasts lack the large complex-shaped bubbles (Fig. 3.7C) that 
are common in subaerial Strombolian ejecta (Lautze and Houghton, 2005; Polacci et al., 2006).
Fig. 3.7. Characteristic basaltic lapilli. 
Comparison of vesicle textures in scanned thin sections. A: Poseidic scoria from the southern cone. B: Hawaiian 
scoria from Kīlauea Iki, 1959. C: Strombolian scoria from Stromboli, 2002.
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3.5.2. Quench rates and textural maturation
Any hot body brought into contact with a cold ambient fluid will cool in a style 
determined by the relative efficiencies of radiation, conduction, convection, and advection in 
extracting heat from the body. The high heat capacity of seawater allows it to convect or advect 
heat efficiently away from hot surfaces, so that for a submarine pyroclast in direct contact with 
seawater, the thermodynamic properties of the melt, not the seawater, will be rate-limiting (Xu 
and Zhang, 2002; Mastin, 2007), and the cooling process can be modeled as diffusion (Crank, 
1975). Insulation under a stable steam film (Mastin, 2007) is unlikely at Lō`ihi depths, due to 
the instability of steam films at elevated pressure (Dhir, 1998; Zimanowski and Büttner, 2003). 
Diffusion-controlled progressive rim-to-core cooling can explain the gradational rim-to-core 
textures observed in the Poseidic clasts.
Fig. 3.8 shows non-steady-state diffusive cooling times for the type NC bomb fragment 
shown in Fig. 3.1 (sample 161-2-A(3)), as time versus distance from clast edge (outer surface, 
in contact with seawater). The different curves represent kinetic thresholds (expressed as 
temperature thresholds) that are of interest to textural modification. Tliq is the petrologic liquidus, 
the barrier at which the basaltic liquid becomes supercooled. In this case it has no physical 
meaning, since all microlite growth will be in a disequilibrium, diffusion-limited regime. Txst is 
the homogeneous nucleation temperature, at the minimum undercooling required for microlites 
to nucleate. Tg is the “glass transition temperature”, the temperature at which a silicate melt 
crosses a kinetic barrier, and changes from having the properties of a liquid to having the 
properties of an amorphous solid (e.g., “glass”; Dingwell and Webb, 1990). Each of Txst and Tg 
changes with cooling rate.
Formulations and assumptions for the cooling model in Fig. 3.8 are generated for non-
Fig. 3.8. Diffusive cooling of a basaltic pyroclast.
Curves calculated for example northern cone bomb 
fragment 161-2-A(3) (Fig. 7.2). Curves represent the 
time required to cool to the theoretical clinopyroxene 
liquidus temperature (Tliq), the rate-specific homoge-
nous nucleation temperature (Txst) at which clinopyrox-
ene actually begins to crystallize, and the rate-specific 
glass transition temperature (Tg). Time intervals ∆tves 
and ∆txst represent maximum time available for matu-
ration of vesicles in the magma when Tliq is crossed, 
and microlite growth subsequent to the same bound-
ary, respectively. Dashed section of ∆tves interval rep-
resents period of vesicle maturation partially restricted 
by presence and growth of microlites. Actual position 
of textural zones A-C in the example clast 161-2-A(3) 
are shown. See text for formulations and assumptions. 
Note that for a given distance from the clast rim, only a 
portion of the maximum ∆tves and ∆txst is available.
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steady-state diffusion in a spherical basaltic pyroclast in direct contact with seawater at 3 oC 
(Crank, 1975).
Diffusion is radial with constant thermal diffusivity (D). Position (r) is radial distance 
from the edge of a clast with radius (a). The governing equation is:
   (3.3)
With solution given by:
 (3.4)
The thermal diffusivity of basalt (D) is on the order of 10-6 to 10-7 m2/s (Best, 2003). 
Vesicularity and hydrostatic pressure both have the potential to lower D (Kinoshita et al., 1996), 
however the effect of the former is poorly constrained for vesicularities >10% (Walsh and 
Decker, 1966), and both have only been examined for solidified rock, not melts. D = 10-7 m2/s is 
used for model calculations to partially account for these effects, but the actual D may be lower 
due to the high vesicularities. The selection of D will affect only the absolute cooling times, not 
the relative times available for each process of textural modification.
The initial temperature throughout the clast (To) is 1200 
oC (Dixon et al., 1995), with 
temperature To throughout the sphere at t = 0 s.
Tliq in Fig. 3.8, is an isotherm calculated using equation 3.3, representing the time at 
which a given position inside the cooling clast will reach an approximate clinopyroxene liquidus 
temperature of ~1150 oC (Garcia et al., 1998, 2006). This curve has no physical meaning for a 
rapidly cooled, disequilibrium system, but is used to define a time-averaged cooling rate at each 
radial position within the pyroclast, by the simple relationship:
     (3.5)
Cooling-crystallization experiments demonstrate that homogeneous nucleation 
of clinopyroxene does not occur at the liquidus temperature, but rather at some degree of 
undercooling (Txst), where Txst< Tliq. A higher degree of undercooling is required for faster 
cooling rates, up to a critical maximum cooling rate above which the melt will quench before 
clinopyroxene has time to nucleate (Walker et al., 1976, 1978; Lesher et al., 1999). As an 
approximation to this effect, the calculated cooling rates (q) at each clast radius were applied to 
an empirical fit of the cooling-kinetic experimental data on North Atlantic basalts by Lesher et 
al. (1999, their Fig. 6). For q < 2000 oC/hr. 
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  (3.6)
The Txst curve in Fig. 3.8 thus indicates the time required to cool to the rate-specific 
Txst at each radial position in the clast. The curve is truncated toward the clast edge, where 
cooling rates exceed the threshold of 2000 oC/hr, the fastest cooling rate experimentally tested 
by Lesher et al. (1999), which is taken as an approximation to the maximum cooling rate for 
which microlites can form.
The glass transition temperature (Tg) is also cooling-rate dependent, although the effect 
is reversed, with a higher Tg at faster cooling rate (Dingwell and Webb, 1990). To accommodate 
this effect, the same cooling-rates calculated in equation 3.5 are applied to the empirical 
relationship of Gottsmann et al. (2002).
   (3.7)
where ADSC is a pre-exponential factor, and EDSC is the activation energy for enthalpic relaxation. 
Values for Hawaiian basalt are log10 ADSC = -30.8 and EDSC = 577 kJ/mol (Gottsmann et al., 
2002).  
Differences between curves on Fig. 3.8 represent relative time windows available for:
1) Vesicle maturation: ∆tves = tTxst - tTo as a maximum, although vesicle modification may also 
be limited by the increased effective viscosity of a melt + microlite + bubble suspension at 
temperatures cooler than Txst.
2) Microlite growth: ∆txst = tTg - tTxst, but taking into account delayed nucleation, and the concept 
of a maximum threshold cooling rate above which clinopyroxene does not crystallize (Lesher 
et al., 1999).
3) Structural relaxation: at Tg, all processes of textural modification will theoretically have 
stopped, as vesicles will not grow in rigid glass, and limited cation diffusion will prevent further 
(primary) microlite growth. These processes will, however, be effectively arrested before Tg.
 Time scales for both ∆tves and ∆txst increase with distance from the clast edge, so that in 
clast interiors there will be longer times available for vesicle maturation, microlite nucleation, 
and growth of microlites into less dendritic, more equilibrium morphologies (with lower Sv
P, 
Fig. 3.6) (Burkhard, 2005; Hammer, 2006). Truncation of the Txst curve toward the clast edge, 
at the Zone A-B, sideromelane-tachylite boundary, indicates the distance from the clast edge 
where cooling rates are estimated to be sufficiently slow to allow microlites to form (at cooling 
rate < 2000 oC/hr; Lesher et al., 1999; although this value is poorly constrained).
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 For clast 161-2-A(3), the modeled onset of crystallization occurred at ~7 mm from 
the clast edge, which accurately reproduces the sideromelane-tachylite transition observed in 
the clast (Fig. 2.1 NC bomb fragment). Calculation of time frames for textural modification at 
25 mm from the clast edge (midway though Zone C), show that there is ~700 s available for 
microlite-free vesicle modification, followed by ~650 s of microlite nucleation and growth, 
with continued vesicle modification.
3.5.3. Inferred relationship between textures and dispersal
Head and Wilson (2003) used theoretical considerations of possible submarine 
explosive eruption styles to predict the characteristics of resulting deposits (c.f. their Table 7). 
A submarine eruption driven by volatile-coupled degassing (including, but not limited to, those 
analagous to subaerial Hawaiian eruptions) is modelled to start as a jet (exsolved magmatic 
volatiles + pyroclast mixture) with initial mixture density less than that of the surrounding 
seawater. Entrainment of seawater into the jet is predicted to quickly raise its mixture density 
(Head and Wilson, 2003), causing the jet to collapse gravitationally to produce hot, particle-
laden, turbidity currents. Laboratory analogue experiments have demonstrated that deposition 
from hot turbidity currents proceeds by proximal sedimentation of coarse material, followed by 
medial buoyant detachment, lofting, and wide dispersal of the fine ash (Cantelli et al., 2008).
 A first-order approximation of transport time for the Poseidic clasts, is estimated from 
the settling time of a clast from the apex of a submarine jet. A submarine jet is not expected 
to reach heights exceeding a few tens of metres above the vent before mixing with seawater is 
complete (c.f. Table 5 of Head and Wilson, 2003). The Stokes’ settling velocity for gravitational 
sedimentation from the jet (Vs) is calculated by:
       (3.8)
where ρp and ρf are the particle and fluid densities (1400 and 1000 kg/m
3, respectively), g is 
gravitational acceleration (9.8 m2/s), μ is viscosity of seawater (1.88x10-3 Pa.s), and R is particle 
radius. Settling time for type clast 161-2-A(3) (Fig. 2.1 NC bomb; radius of ~34 mm) is ~90 s 
from a height of 50 m. This is a very approximate transport time that does not take into account 
upward transport in the jet, complications from possibly temporarily buoyant clasts (Siebe et 
al., 1995; Gaspar et al., 2003), vertical current behaviour, nor any lateral transport time in 
turbidity currents, or the fact that Stokes’ law overestimates the terminal velocity of large, 
rough, and non-spherical particles (e.g., Cashman and Fiske, 1991). Even if doubled or halved, 
however, these times indicate deposition after development of substantial quenched rinds on 
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pyroclasts, but long before large clasts as used in the settling calculation fully cool or cease to 
texturally mature. This is consistent with the observation that there is no welded material on 
the Poseidic cones, since clasts erupted in this way will always develop a rigid, quenched rind 
before deposition, even though textural modification of the interiors of large clasts would have 
continued post-deposition.
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Chapter 4. Poseidic Geochemistry and Degassing
4.1. Introduction
 Geochemical studies dominate those previously done on submarine eruptive products. 
This is because rocks collected from the seafloor by dredging, submersible, or any other means, 
can yield scientific information about petrogenesis, mantle chemistry, magma sources, etc. 
In this chapter, geochemistry of the northern and southern (NC and SC) Poseidic cones is 
presented, with the specific goal of determining how the individual magmas degassed leading 
to eruption.
 
4.1.1. Capturing volatile exsolution pathways
The complete volatile exsolution (degassing) history of a given magma can theoretically 
be captured analytically by measuring volatile contents in mineral-hosted glass inclusions (GIs) 
and matrix glasses in eruption products. Because of the low solubility of volatile species in 
basalt at low pressures, pyroclasts erupted at subaerial vents, degassed to atmospheric pressure, 
typically do not retain measurable volatile concentrations in matrix glass, so that only GIs (when 
present) have potential to yield useful data for these eruptions. Submarine melts that are erupted 
and quenched under high hydrostatic pressure, however, commonly retain measurable amounts 
of H2O and CO2 that are commensurate with their depths (pressures) of quenching (Dixon 
and Clague, 2001), allowing volatile exsolution histories to be more thoroughly characterized. 
Previous to this study, there have been no complete GI-to-matrix volatile studies on submarine 
pyroclastic deposits, due primarily to a lack of appropriate samples.
The ~1 km deep summit of Lō`ihi is at a very useful depth (~10 MPa pressure) from 
the perspective of volatile exsolution dynamics. Carbon dioxide has limited solubility in basalt, 
and will begin exsolving at high pressure (Dixon and Stolper, 1995), but H2O is typically 
undersaturated, and solubility is controlled in part by degassing systematics. If CO2 is physically 
removed from the system as it exsolves (open-system degassing), H2O solubility will remain 
high, and H2O will tend to stay in solution. Conversely, if early-exsolved, CO2-rich fluids remain 
in physical contact and equilibrium with the melt, they thermodynamically stabilize CO2+H2O 
fluids, lowering H2O solubility, and facilitating melt dehydration (Holloway, 1976; Dixon and 
Stolper, 1995; Dixon et al., 1995; Dixon and Clague, 2001; Newman and Lowenstern, 2002). 
There are two scenarios by which CO2 can remain in physical contact with the melt, either by: 
(1) ‘volatile-coupled’ degassing (often referred to as ‘closed-system’), where the exsolved fluids 
remain in bubbles that are mechanically coupled to their parent melt, or (2) by continuous fluxing 
of constant-composition, CO2-rich fluids, through permeable pathways in the melt (Newman et 
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al., 1988; Rust et al., 2004), which facilitates dehydration without the development of vesicles. 
The physical behavior of exsolved volatiles, particularly whether early-exsolved CO2 remains 
in equilibrium with the melt, will thus control magmatic H2O solubility, and consequently has 
potential to strongly influence eruption style- especially at submarine vents, where ambient 
hydrostatic pressures are high enough to preclude significant H2O exsolution. 
The two fundamental questions addressed in this chapter are: (1) what range of degassing 
scenarios can lead to cone-forming Poseidic explosive eruptions at ocean depths of ~1 km; and 
(2) how do these scenarios differ from those that produce the volumetrically dominant sheet 
and pillow lavas observed on the summit plateau of Lō`ihi Seamount, and across the majority 
of the ocean floor?
These questions are addressed by examining the volatile exsolution histories of the NC 
and SC magmas, to evaluate the genetic relationship and volatile exsolution pathways between 
erupted melt, phenocrysts, and their glass inclusions (GI). A comparison with previously 
reported geochemical and volatile analyses from a Lō`ihi pillow lava (sample KK31-12; Dixon 
and Clague, 2001; Hauri, 2002) is included, allowing Poseidic and effusive degassing scenarios 
to be contrasted. The concern here is not to address general volatile systematics at the scale of 
the Hawaiian plume, nor even at the scale of Lō`ihi volcano, but rather to assess the eruptive 
consequences of different volatile exsolution scenarios for individual batches of magma.
4.1.2. Previous work on Lō`ihi volatiles
 Volatile species (H2O, CO2, S, Cl, F) in Lō`ihi  matrix glasses and/or glass inclusions 
have been analyzed in previous studies (Byers et al., 1985; Garcia et al., 1989, 1998; Honda et 
al., 1993; Kent et al., 1999a, 1999b; Clague et al., 2000; Dixon and Clague, 2001; Hauri, 2002). 
Byers et al. (1985) linked rock types with variability in volatile abundances to demonstrate that 
they were derived from distinct sources. Garcia et al. (1989) used volatiles in Lō`ihi  tholeiites 
to demonstrate that Hawaiian volcanoes tap progressively depleted sources as they grow. 
Dixon and Clague (2001) assessed volatiles in pillow rim glasses of variable composition and 
solubility/degassing models to develop a heterogeneous-plume model for Lō`ihi . Kent et al. 
(1999a, 1999b) used volatiles in pillow rims and olivine-hosted inclusions to demonstrate that 
seawater-influenced components can be assimilated by Lō`ihi  magmas prior to eruption. Hauri 
(2002) compared volatiles in inclusions from olivine of five Hawaiian volcanoes to demonstrate 
heterogeneity in the Hawaiian mantle, to demonstrate that assimilation of seawater-influenced 
components is not ubiquitous, to make estimates of volatile budgets for each volcano, and to 
develop a methodology for evaluating the quality of dissolved volatile data for glass inclusions. 
Except for a limited amount of volatile data, comprising 2 analyses of a basalt breccia by Garcia 
et al. (1998) and 7 of limu o’ Pele shards, by Clague et al. (2000), all of the Lō`ihi  samples 
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previously analyzed for volatiles have been matrix glasses from lavas collected by dredging, or 
have been melt inclusions in phenocrysts from these lavas.
4.2. Methods
Glasses described as “lapilli matrix glass” are sideromelane in coarse (larger than -3Φ/ 
8 mm) juvenile lapilli. Glass inclusions (GI) were analyzed from within free olivine crystals 
hand-picked from the coarse ash (0 ≤ -1 Φ/ 1≤2 mm) fraction of bulk samples. Glasses described 
as “ash” are selvages preserved on the outside of the free olivine crystals.
SIMS techniques developed through calibration by FTIR, and therefore these techniques 
yield comparable results for analysis of H2O and CO2 in silicate glasses (Hauri et al., 2002). 
Thus, the H2O and CO2 measurements by SIMS and FTIR in this study are assumed to have 
comparable accuracy. Sulfur and chlorine are more accurately measured by SIMS than EMP. 
In both deposits S and Cl in lapilli matrix glasses were only measured by EMP, but in ash 
and GIs they were measured by both EMP and SIMS. Cross-technique comparison (Fig. 4.1) 
shows that the EMP analyses have good accuracy and precision for both elements, although S 
may be slightly underestimated by EMP. In the following sections, SIMS values for S and Cl 
are used where available, and EMP analyses are used for lapilli matrix glasses. Slightly higher 
than measured S in lapilli glasses would not change any of the interpretations in the following 
sections.
Fig. 4.1. Comparison of S and Cl concentrations 
measured by EMP and SIMS
Points represent raw analyses, not normalized to 
100%, nor corrected for post-entrapment olivine crys-
tallization. Data given in Tables 4.3-4.5.




NC lapilli contain ~2 to 5 % olivine phenocrysts that are typically ≤ 1.5 mm, and sparse 
clinopyroxene microphenocrysts that are < 0.25 mm. Olivine phenocrysts are euhedral, and 
clinopyroxene microphenocrysts have heavily resorbed margins. Garcia et al. (1998, 2006) used 
melt modelling to demonstrate that olivine is the first crystallizing phase in Lō`ihi tholeiites, 
followed by clinopyroxene at < 0.3 GPa. Clinopyroxene was not observed in SC clasts, but they 
are moderately olivine-phyric, (4-16%, see Table 3.1) with large (≤ 2 mm), euhedral olivine 
crystals. 
Olivine crystals in both deposits are non- to only slightly-deformed (Fig. 4.2A-B), except 
for one observed olivine in the SC that is extensively kink-banded (Fig. 4.2C). Variable degrees 
of kink banding are common in olivine from all < 2 Ma Hawaiian volcanoes (Norman and 
Garcia, 1999). All olivine crystals observed in this study have uniform birefringence, regardless 
of whether or not they are deformed, and are therefore interpreted to not be mantle-derived 
xenocrysts (Norman and Garcia, 1999).
Glass inclusions (GI) are common in olivine phenocrysts (Fig. 4.2D-F). They are 
generally subspherical, and often contain Cr-spinel crystals (Fig. 4.2F) that likely crystallized 
before olivine (Garcia et al., 1998, 2006) and provided geometric imperfections that assisted 
in melt entrapment (Roedder, 1984; Metrich and Wallace, 2008). Some inclusions also contain 
small vapour bubbles (Fig. 4.2E-F; Table 4.5) that may either result from multicomponent 
entrapment of vapour-saturated melt (Hauri, 2002; Metrich and Wallace, 2008) or post-
entrapment differential contraction of melt and host olivine (Roedder, 1984).
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Fig. 4.2. Poseidic photomicrographs.
A-B: Undeformed olivine crystals in the NC and SC, respectively, x-polars; C: Kink-banded olivine in SC, x-
polars; D: SC GI in olivine, ppl; E: NC GI with vapour bubble (Vap), ppl; F: SC GI with vapour bubble and Cr-
spinel (Cr-Spl), ppl.
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4.3.2. Olivine Compositions
 GI host olivine compositions from both deposits are presented in Table 4.1, with core 
and rim forsterite contents (Fo%). NC olivine crystals have core compositions varying over < 
4 %, from Fo86.8 to Fo90.4, with rim compositions of Fo83.9 to Fo89.8; but there are two distinct 
groups. The first is represented by a single observed olivine (L7-04) that is reverse zoned (Fo86.8-
88.6), with heavily resorbed, pitted texture and crystal-spanning cracks (see Fig. 4.5). All other 
observed NC olivine crystals are all nonzoned to slightly normally zoned, with no cracking or 
resorption textures. There are very slight manganese coatings (~ a few 10s of microns thick) 
(Moore and Clague, 2004) on the nonzoned olivine crystals. SC olivine crystals have more 
consistent core compositions ranging from Fo84.9 to Fo86.4. Zonation is normal or reverse but is 
very slight, never exceeding 1 Fo % in magnitude. CaO content in all northern and southern 
cone olivine crystals vary over a narrow range from 0.23 to 0.41 wt.%, which is typical for 
Lō`ihi olivine, and indicates crustal depths of crystallization (Garcia et al., 2006).
Table 4.1. NC and SC host olivine compositions.
Analyses by EDS. All oxides in wt.%
Core Rim
Crystal SiO2 FeO MnO MgO CaO NiO Total Fo(%) SiO2 FeO MnO MgO CaO NiO Total Fo(%)
Northern cone
L7-04 40.70 12.86 0.19 47.43 0.23 0.43 101.84 86.8 41.04 11.16 0.22 48.80 0.29 0.61 102.12 88.6
NC10-1 39.68 10.47 0.15 48.05 0.32 0.60 99.29 89.1 39.81 10.43 0.09 48.51 0.33 0.65 99.83 89.2
NC10-2 39.88 10.34 0.14 48.01 0.35 0.57 99.29 89.2 40.19 10.31 0.09 48.49 0.32 0.56 99.96 89.3
NC10-3 40.03 10.34 0.13 48.37 0.30 0.48 99.64 89.3 40.20 9.99 0.11 48.50 0.26 0.65 99.71 89.6
NC10-4 40.05 10.59 0.08 48.16 0.29 0.53 99.70 89.0 40.48 12.22 0.17 47.57 0.23 0.56 101.23 87.4
NC10-5 40.32 10.47 0.11 48.42 0.36 0.55 100.22 89.2 40.13 10.47 0.09 48.41 0.29 0.51 99.90 89.2
NC10-6 40.06 11.07 0.10 47.58 0.33 0.52 99.66 88.5 39.90 11.11 0.07 47.84 0.32 0.49 99.73 88.5
NC10-7 40.13 10.31 0.13 48.33 0.24 0.39 99.54 89.3 39.82 10.34 0.13 48.06 0.28 0.53 99.17 89.2
NC10-8 40.26 9.42 0.08 48.59 0.34 0.60 99.29 90.2 39.26 12.14 0.10 46.26 0.33 0.55 98.64 87.2
NC10-11 39.46 10.25 0.09 47.75 0.28 0.37 98.20 89.3 39.63 11.65 0.08 47.25 0.28 0.52 99.41 87.8
NC10-13 39.97 10.22 0.09 48.27 0.30 0.57 99.42 89.4 39.17 12.30 0.15 45.85 0.26 0.49 98.23 86.9
NC10-14 39.51 12.39 0.14 46.64 0.38 0.47 99.53 87.0 39.08 15.08 0.21 44.20 0.33 0.22 99.11 83.9
NC10-15 40.17 9.27 0.12 48.82 0.34 0.48 99.18 90.4 40.23 9.72 0.08 48.71 0.30 0.50 99.52 89.9
Southern cone
L1-01 40.44 13.12 0.23 46.83 0.34 0.34 101.29 86.4 40.46 13.59 0.20 46.60 0.39 0.30 101.54 85.9
L1-02 40.54 13.32 0.24 46.94 0.35 0.40 101.79 86.3 39.99 14.50 0.17 45.72 0.30 0.22 100.89 84.9
L1-03 40.19 14.48 0.21 45.85 0.40 0.35 101.47 84.9 40.33 13.53 0.21 46.30 0.36 0.41 101.12 85.9
L1-05 40.54 13.75 0.19 46.68 0.32 0.45 101.93 85.8 40.80 13.84 0.18 46.52 0.32 0.35 102.01 85.7
L1-10 40.52 13.57 0.22 46.52 0.35 0.34 101.52 85.9 39.68 15.28 0.19 45.05 0.41 0.35 100.95 84.0
L1-11 40.26 14.26 0.23 46.12 0.37 0.26 101.49 85.2 40.54 13.89 0.19 46.43 0.32 0.43 101.80 85.6
L1-12 40.00 13.47 0.17 46.28 0.29 0.33 100.53 86.0 40.32 13.13 0.21 46.74 0.35 0.15 100.89 86.4
L1-13 40.35 14.43 0.24 46.43 0.27 0.25 101.97 85.2 41.24 13.76 0.18 47.22 0.38 0.33 103.10 86.0
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4.3.3. Whole rock, matrix glass, and glass inclusion compositions
NC clasts have tholeiitic (MacDonald and Katsura, 1964) whole rock major element 
compositions (Table 4.2; Fig. 4.3), with a narrow MgO range from 8.95 to 9.60 wt.%. Lapilli 
matrix glasses and glass selvages on free olivine crystals are also tholeiitic (Fig. 4.3), and 
occupy a narrow compositional range (Tables 4.3-4.4), with MgO from from 6.06 to 7.08 wt.%, 
and FeOT from 11.68 to 12.20 wt.%- typical for Lō`ihi glasses (Byers et al., 1985; Garcia et 
al., 1989, 1995, 1998; Dixon and Clague, 2001). One exception is selvage L7-04-G on the one 
reverse zoned olivine, which is less differentiated (7.72 wt.% MgO) than other matrix glasses. 
 NC GIs fall into two major compositional groups (Table 4.5-4.6). The first are referred 
to herein as “high-Fe” inclusions, represented only by the three inclusions (L7-04-A to L7-
04-C) hosted in the only observed reverse zoned olivine crystal (L7-04). These are tholeiitic 
(Fig. 4.3), with “uncorrected MgO” (e.g., as measured, before correction for post-entrapment 
crystallization within the inclusion) ranging from 7.16 to 7.65 wt.%, and FeOT ranging from 
10.97 to 11.58 wt.% (Table 4.5). MgO is sensitive to post-entrapment olivine correction (PEC), 
and is raised to 11.97 to 12.64 wt.% with the addition of 11.9 to 13.8 % olivine (Danyushevsky, 
2004). High-Fe inclusions are within analytical error of each other for all major elements, 
except for L7-04-B, the most differentiated of the suite, which is significantly depleted in TiO2 
and enriched in K2O. Raw compositions of high-Fe inclusions, uncorrected for post-entrapment 
olivine composition, are similar to, and only slightly less differentiated than matrix glasses. 
The second group of inclusions includes those from all other olivine crystals, and is defined 
by comparatively low-Fe. They span a larger compositional range from 5.32 to 7.11 wt.% 
MgO (uncorrected for PEC; 9.41 to 12.48 wt.%, corrected), with FeOT from 6.84 to 8.82 wt.% 
(uncorrected for PEC; 7.30 to 9.49 wt.% , corrected). These inclusions are lower in Fe than any 
previously reported for Lō`ihi (Kent et al., 1999a, 1999b; Hauri, 2002). The SiO2 and FeO
T 
contents are more similar to inclusions from the neighbouring Mauna Loa volano (Hauri, 2002) 
than to others from Lō`ihi. Attempts to subdivide the low-Fe inclusions into compositional 
subgroups yields different results depending on which defining major element is used. This is 
especially apparent in the highly variable TiO2 and K2O concentrations within the suite, and 
even between GIs from the same host olivine crystal (Table 4.6, and marked by tie-lines in Fig. 
4.4).
 SC whole rock analyses are picritic (Table 4.2; Fig. 4.3), with high MgO contents of 
20.37 to 23.25 wt.%, and Mg# ranging from 78.2 to 80.1. Similarly high MgO contents have been 
previously reported for whole rock analyses of Lō`ihi lavas (Frey and Clague, 1983; Hawkins 
and Melchior, 1983; Garcia et al., 1995), and have been attributed to olivine accumulation. 
 SC lapilli and ash matrix glasses are transitional basalts (Tables 4.3-4.4; Fig. 4.3), with 
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MgO ranging from 6.38 to 7.31 wt.%. They are chemically identical within analytical error for 
all major elements, except for two glass selvages (L1-05-S1 and L1-10-S1; Table 4.3.5) that 
have significantly elevated K2O, but do not differ from the other glasses in any other elements. 
SC GIs are tholeiitic-to-transitional (Fig. 4.3), with MgO ranging from 6.63 to 7.34 wt.% 
uncorrected for PEC, and 9.85 to 12.12 wt.% after correction for between 7.0 to 14.8 % post-
entrapment crystallization of olivine (Roeder and Emslie, 1970). They are, similarly to some 
of the NC GI, of a high-Fe type, with FeT > 10.03 (corrected for PEC). One SC GI (L1-13-A; 
Table 4.5) has elevated K2O compared to the rest of the GI suite. SC GIs belong to a single 
population, with variability in SC GI compositions defining continuous trends for all major 
elements (except the high K2O in L1-13-A).
 Throughout the rest of this chapter, references to GI major element and volatile 
abundances correspond to the post-entrapment olivine crystallization-corrected values (Table 
4.6), unless stated otherwize. 
4.3.4. Sulfur, chlorine, and fluorine abundances
 Sulfur is an important magmatic volatile that commonly degasses from shallow depths 
at Hawaiian volcanoes (e.g., Gerlach and Graeber, 1985), and Hawaiian basalts erupted 
subaerially typically have < 250 ppm S (Moore and Thomas, 1988; Davis et al., 1991; Clague 
et al., 2000). Sulfur ranges from 521 to 1525 ppm in NC matrix glasses, 1461 to 1766 ppm in 
high-Fe GI, and 1104 to 1441 in low-Fe GI. S ranges from 648 to 970 ppm in SC matrix glasses, 
and 948 to 1941 in GI. These values are consistent with the submarine origin of all the glasses 
analyzed. 
 Chlorine is not expected to degas from basaltic melt until relatively low (<10-20 Mpa) 
pressures (Metrich and Wallace, 2008), but may be used as an indicator of melt contamination 
by seawater-derived components (Michael and Schilling, 1989; Jambon et al., 1995; Michael 
and Cornell, 1998; Kent et al., 1999a, 1999b; Dixon and Clague, 2001; Hauri, 2002; Coombs 
et al., 2004). Cl varies widely in glasses from both deposits. Most NC matrix glasses have Cl 
ranging from from 180 to 700 ppm, except for selvage L7-04-G, with 3337 ppm (although only 
433 ppm when measured by EMP). NC GIs have Cl ranging from 322 to 815 ppm in the high-
Fe group, and 137 to 2168 ppm in the low-Fe group. SC glasses have Cl that varies even more 
widely, from 473 to 1917 ppm in matrix glasses, and 119 to 5631 ppm in GI. The elevated Cl 
concentrations in some of the northern and southern cone GIs are higher than those reported by 
Kent et al. (1999a, 1999b), but not as high as one inclusion analyzed by Hauri 2002, which had 
an extreme 1.11 wt.% Cl.
 Fluorine is a common volatile element in basaltic melts, but typically does not play a 
significant role in degassing or volatile exsolution dynamics (Metrich and Wallace, 2008). In 
55
Part 2 Poseidic Scoria Cones
Table 4.2. NC and SC whole-rock geochemistry.
Analyses by XRF. All oxides in wt.%
Dive No. Clast SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 LOI Total
Northern cone
P4-161 2-A(13) 47.73 2.65 11.9911.60 0.17 9.31 10.82 2.11 0.69 0.38 0.67 99.42
P4-161 2-A(18) 47.46 2.63 11.8611.62 0.17 9.60 10.66 2.02 0.70 0.22 0.65 98.89
P4-161 2-B(6) 47.69 2.68 12.0611.69 0.17 8.95 10.96 1.95 0.69 0.33 0.36 98.84
P4-161 2-B(10) 47.45 2.66 11.9311.56 0.17 9.08 10.82 2.16 0.70 0.47 0.77 99.07
Southern cone
P4-160 1-A(30) 43.65 1.67 8.52 12.68 0.18 21.05 7.96 1.37 0.45 0.35 -0.3298.99
P4-160 1-A(36) 43.76 1.72 8.74 12.64 0.18 20.37 8.15 1.41 0.46 0.25 -0.1598.95
P4-160 4-A(9) 43.26 1.52 7.73 12.87 0.18 23.25 7.24 1.18 0.40 0.25 -0.5098.83
P4-160 4-A(12) 43.28 1.57 8.00 12.74 0.18 22.35 7.48 1.27 0.42 0.29 -0.4698.55
Fig. 4.3. Total alkali-silica diagram for Poseidic 
cones.
Northern and southern cone whole rock, matrix glass, 
and glass inclusion chemistry (Tables 4.2-4.5). Tho-
leiitic-alkalic boundary after MacDonald and Katsura 
(1964). Note different SiO2 scale for each deposit.
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EMP FTIR
Dive No Clast Ves(%) SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl Total n H2Ot H2Om CO2 n Psat CO2
v
Northern cone
P4-161 2-A(1) 54 49.252.9513.5211.98 0.18 6.50 11.21 2.45 0.71 0.25 840 529 99.13 5 0.59 0.03 - 10 7.8 56
P4-161 2-A(6) 65 49.413.0413.4112.20 0.21 6.50 11.39 2.22 0.72 0.40 1043 534 99.66 5 0.45 0.02 - 9 6.4 68
P4-161 2-A(7) 57 49.442.8712.9911.77 0.14 7.08 11.81 2.21 0.69 0.26 909 480 99.39 5 0.63 0.04 24 9 8.8 59
P4-161 2-A(20) 54 48.642.9613.2911.91 0.15 6.47 11.17 2.45 0.70 0.23 1189 580 98.14 5 0.51 0.04 31 2 9.3 72
P4-161 2-A(34) 53 48.592.9513.9011.82 0.17 6.57 11.16 2.32 0.70 0.23 1176 180 98.55 5 0.55 0.06 30 3 9.5 68
P4-161 2-B(4) 53 49.292.9713.5711.93 0.18 6.47 11.10 2.46 0.73 0.25 1113 564 99.12 4 0.50 0.03 - 10 6.9 63
P4-161 2-B(1) 54 48.652.9913.3912.19 0.18 6.50 11.18 2.40 0.69 0.26 891 483 98.56 6 0.66 0.06 23 2 9.0 56
P4-161 2-B(2) 54 49.513.0013.7212.10 0.17 6.06 10.86 2.46 0.82 0.36 1525 567 99.25 6 0.49 0.02 22 2 7.2 66
P4-161 2-B(7) 52 49.792.8613.4311.68 0.17 6.82 11.66 2.32 0.74 0.22 1229 540 99.87 5 0.49 0.04 25 2 7.8 69
P4-161 2-B(9) 52 48.952.9313.5111.89 0.17 6.41 11.11 2.38 0.71 0.30 1309 700 98.56 5 0.60 0.05 27 2 9.1 64
P4-161 2-B(12) 54 48.482.9513.7211.74 0.21 6.52 11.05 2.32 0.71 0.28 1122 560 98.16 5 0.56 0.03 - 2 7.4 58
P4-161 2-B(44) 47 49.213.0013.3211.94 0.18 6.45 11.31 2.34 0.73 0.38 1241 613 99.05 5 0.59 0.05 28 2 9.5 64
Southern cone
P4-160 1-A(23) 39 47.442.6213.9911.77 0.15 7.05 12.61 2.82 0.66 0.24 728 759 99.62 5 0.35 0.02 27 3 4.7 71
P4-160 1-A(28) 37 47.892.6913.8611.62 0.10 6.95 12.74 2.86 0.67 0.24 720 479 99.84 5 0.43 0.03 40 3 7.0 71
P4-160 3-A(3) 45 47.632.6613.6311.85 0.14 6.86 12.69 2.60 0.66 0.27 824 600 99.25 5 0.46 0.02 35 10 6.6 65
P4-160 3-A(4) 45 46.852.6013.7711.10 0.13 6.48 12.30 3.15 0.59 0.22 720 191797.56 5 0.41 0.01 28 3 5.3 65
P4-160 3-A(5) 46 47.402.7113.7611.91 0.14 6.78 12.73 2.80 0.69 0.23 680 799 99.41 5 0.50 0.02 32 3 6.6 60
P4-160 4-A(4) 43 46.362.6713.7111.66 0.13 6.78 12.44 2.73 0.67 0.25 688 659 97.63 5 0.41 0.02 - 3 4.3 57
P4-160 4-A(5) 41 47.892.6513.9212.08 0.11 6.91 12.51 2.64 0.68 0.22 648 619 99.85 5 0.44 0.01 - 2 4.6 54
P4-160 4-A(6) 43 47.742.6913.6511.94 0.15 6.88 12.80 2.53 0.68 0.27 776 679 99.59 5 0.50 0.01 34 10 6.9 61
P4-160 4-A(11) 47 45.652.5913.0911.54 0.14 6.60 12.23 2.46 0.61 0.29 760 799 95.47 3 0.36 0.02 - 3 3.9 63
P4-160 5-A(1) 32 47.482.6713.6511.57 0.19 6.52 12.72 2.50 0.63 0.30 739 699 98.49 4 0.51 0.02 - 3 5.2 47
P4-160 5-A(2) 42 47.922.6813.6311.97 0.16 7.14 12.59 2.45 0.66 0.25 920 766 99.75 3 0.43 0.02 23 7 4.9 58
P4-160 5-A(15) 41 48.342.6114.1611.55 0.15 6.38 11.93 2.77 0.70 0.28 911 878 99.19 5 0.47 0.02 26 3 5.6 57
Table 4.3. NC and SC lapilli matrix glass geochemistry.
Major elements by EDS, volatiles by FTIR. All oxides in wt.% except S, Cl, and CO2 in ppm. Reported 
compositions are average of n replicate analyses. Saturation pressure (Psat) in MPa, and equilibrium 
vapour composition (CO2
v) in mol.% CO2 calculated using VolatileCalc software (Newman and 
Lowenstern, 2002)
EMP SIMS
Sample SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl* Total n H2O CO2 F S Cl Psat CO2
v
Northern cone
NC-10-5G 49.412.9213.7011.78 0.24 6.46 11.41 2.41 0.70 0.22 521 467 99.35 3 0.57 88 811 742 489 22.3 85
NC-10-13G 49.192.9213.6011.72 0.14 6.30 11.34 2.36 0.71 0.21 667 600 98.62 3 0.59 121 823 1403 543 29.6 88
L7-04-G 49.122.6612.7111.74 0.21 7.72 11.62 2.19 0.63 0.35 867 433 99.08 3 0.90 70 946 925 3337 22.9 66
Southern cone
L1-03-S1 47.562.5113.6611.83 0.22 6.88 12.51 2.66 0.65 0.43 827 499 99.04 3 0.56 79 592 880 537 15.1 78
L1-05-S1 47.952.6713.8311.94 0.16 6.83 12.51 2.67 1.02 0.52 944 498 100.24 3 0.65 80 595 970 559 16.0 75
L1-10-S1 48.252.6413.8312.05 0.18 7.29 12.45 2.73 1.01 0.46 731 564 101.02 3 0.54 82 589 874 521 15.3 80
L1-12-S1 47.672.4713.6411.60 0.19 7.31 12.31 2.70 0.62 0.39 560 832 99.05 3 0.52 82 562 829 473 15.1 81
Table 4.4. NC and SC ash (selvage) matrix glass geochemistry.
Major elements by EDS, volatiles by SIMS. All oxides in wt.% except S, Cl, F, and CO2 in ppm. 
Reported compositions are average of n replicate analyses. Saturation pressure (Psat) in MPa, and 
equilibrium vapour composition (CO2
v) in mol.% CO2 calculated using VolatileCalc software (Newman 
and Lowenstern, 2002)
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Vap.
EMP SIMS
Crystal Incl. SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl Total n H2O CO2 F S Cl
Northern cone high-Fe
L7-04
A N 49.162.5512.5511.12 0.13 7.65 12.53 2.08 0.39 0.40 1480 366 98.74 3 1.38 208 462 1671 402
B N 49.151.9013.7510.97 0.22 7.16 12.01 2.13 1.39 0.38 1827 932 99.34 3 1.49 588 482 2057 949
C N 48.152.6213.1211.58 0.20 7.46 12.04 2.28 0.50 0.37 1600 499 98.53 3 1.37 555 478 1812 370
Northern cone low-Fe
NC10-1
A Y 50.922.4514.56 7.00 0.07 5.79 14.01 2.31 0.51 0.22 10812774 98.39 4 0.75 101 912 14311062
B Y 50.462.3514.36 8.24 0.24 6.45 13.25 2.24 0.69 0.23 1041 1166 98.88 3 0.77 137 1117 14552519
NC10-2 A N 49.872.5814.80 8.06 0.22 6.92 14.01 2.42 0.48 0.24 1121 133 99.88 3 0.81 117 10121606 162
NC10-3 A N 49.533.1814.09 8.21 0.24 6.99 13.63 2.37 0.66 0.24 934 200 99.38 3 0.80 119 1173 1439 484
NC10-4 A Y 51.022.5414.09 7.79 0.16 6.49 14.14 2.26 0.29 0.20 1188 33 99.27 3 0.72 171 1116 1432 151
NC10-5 A N 49.212.7413.83 8.82 0.16 6.70 13.46 2.19 0.57 0.22 1121 233 98.20 3 0.76 132 10421386 349
NC10-6 A N 49.563.0313.94 8.77 0.20 7.00 13.83 2.06 0.64 0.26 1295 400 99.66 3 0.76 112 941 1459 351
NC10-7 A Y 51.502.9414.57 6.95 0.17 5.32 14.10 2.46 0.39 0.23 974 400 98.92 3 0.82 33 1133 1303 439
NC10-8 A Y 50.393.3814.04 6.84 0.10 6.69 13.88 2.20 0.66 0.26 988 433 98.72 3 0.69 80 861 1250 345
NC10-11
A N 51.762.6014.18 7.00 0.07 6.99 13.34 2.47 0.57 0.24 974 233 99.48 3 0.78 88 977 1238 424
B N 51.652.5014.08 7.45 0.20 6.95 13.22 2.30 0.65 0.24 934 433 99.53 3 0.79 69 1030 1178 391
NC10-13 A N 51.663.25 14.11 7.44 0.10 6.87 13.28 2.27 0.79 0.25 981 200 100.28 3 0.78 200 939 1310 274
NC10-14 A Y 50.702.2714.57 8.42 0.21 6.89 13.24 2.36 0.45 0.23 991 225 99.61 4 0.80 79 819 1346 291
NC10-15 A Y 49.752.9514.15 7.75 0.22 7.11 13.76 2.47 0.49 0.27 1108 133 99.21 3 0.77 110 958 1497 258
Southern cone
L1-01
A N 48.993.0612.5310.48 0.19 7.09 12.68 2.77 0.31 0.30 1533 266 98.57 3 0.86 359 896 1590 131
B Y 48.693.0112.9110.29 0.16 7.03 12.24 2.70 0.60 0.41 1173 166 98.17 3 0.81 602 842 1528 227
C N 49.222.7413.01 9.44 0.14 6.83 12.05 2.99 0.61 0.38 1427 266 97.59 3 0.72 330 805 1561 361
D N 48.162.9412.6710.54 0.15 6.95 12.23 2.85 0.53 0.34 1307 200 97.50 3 0.77 464 825 1454 227
L1-02 A N 47.542.6913.3411.57 0.23 7.34 12.62 2.62 0.48 0.38 1467 266 98.97 3 0.68 97 583 1563 540
L1-03 A N 47.702.7613.2211.14 0.18 7.24 12.78 2.61 0.40 0.40 1587 200 98.61 3 0.78 311 615 1887 184
L1-05 A N 48.023.0112.5611.41 0.25 7.32 12.58 2.60 0.51 0.45 1573 566 98.92 3 0.87 339 814 1764 466
L1-10
A N 47.402.4713.5611.91 0.24 7.03 12.55 2.59 0.63 0.39 827 666 98.93 3 0.54 117 569 1086 518
B N 46.193.2112.8411.64 0.13 6.63 13.42 2.73 0.46 0.06 13765030 97.95 2 0.71 267 665 18764080
L1-11
A N 45.912.7613.0811.89 0.27 6.69 13.09 2.77 0.36 0.06 18137891 97.85 3 0.81 743 676 20816316
B Y 46.722.4913.0812.57 0.29 6.66 12.53 2.84 0.48 0.09 21208390 98.79 3 0.78 537 675 22896640
L1-12 A N 47.272.4913.5811.81 0.24 7.06 12.54 2.64 0.59 0.41 1173 466 98.80 3 0.62 142 595 1219 518
L1-13 A Y 48.333.0212.7411.45 0.15 7.16 12.59 2.33 1.06 0.45 1556 299 99.47 3 0.75 356 612 1766 363
Table 4.5 NC and SC glass inclusion (GI) geochemistry.
Major elements by EDS, volatiles by SIMS. All oxides in wt.% except S, Cl, F, and CO2 in ppm. Reported 
compositions are average of n replicate analyses. Vap indicates if incluson has a vapour bubble.
Part 2 Poseidic Scoria Cones
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Crystal Incl. SiO2 TiO2 Al2O3 FeO




A 47.932.24 11.0311.55 0.11 12.0811.01 1.83 0.34 0.35 1.21 182 404 1462 352 99.92 11.9 53.8 72
B 47.511.64 11.8511.42 0.19 11.9710.35 1.84 1.20 0.33 1.28 505 414 1766 815 99.93 12.9 122.8 85
C 46.962.26 11.2912.08 0.17 12.6410.36 1.96 0.43 0.32 1.18 483 416 1579 322 99.93 13.8 115.8 87
Northern cone low-Fe
NC10-1
A 50.302.2213.21 7.65 0.06 10.0412.71 2.10 0.46 0.20 0.68 92 832 1306 969 99.95 10.2 24.2 82
B 49.232.0612.56 8.85 0.21 11.5511.59 1.96 0.60 0.20 0.67 118 961 1252216899.93 12.7 29.7 86
NC10-2 A 48.512.29 13.11 8.49 0.19 11.2012.41 2.14 0.43 0.21 0.72 105 909 1441 145 99.96 10.8 27.6 82
NC10-3 A 48.352.8112.45 8.67 0.21 11.5312.05 2.09 0.58 0.21 0.71 104 10221253 421 99.94 11.3 27.2 83
NC10-4 A 49.872.2712.59 8.31 0.14 10.7612.64 2.02 0.26 0.18 0.64 155 1011 1297 137 99.94 10.6 37.2 90
NC10-5 A 48.352.37 11.97 9.49 0.14 12.4811.65 1.90 0.49 0.19 0.66 113 896 1191 300 99.94 14.1 28.5 86
NC10-6 A 48.362.6912.36 9.23 0.18 11.3112.26 1.83 0.57 0.23 0.67 102 855 1325 319 99.95 11.0 26.2 84
NC10-7 A 50.252.5912.86 7.67 0.15 10.2712.44 2.17 0.34 0.20 0.72 30 1013 1165 392 99.92 11.9 11.3 57
NC10-8 A 49.703.0712.75 7.30 0.09 10.7512.60 2.00 0.60 0.24 0.63 73 781 1133 312 99.96 9.7 19.5 81
NC10-11
A 50.822.4113.15 7.31 0.06 9.81 12.37 2.29 0.53 0.22 0.72 81 896 1135 389 99.94 7.0 22.4 78
B 50.502.2712.80 7.83 0.18 10.4812.02 2.09 0.59 0.22 0.72 65 965 1104 366 99.95 8.8 18.9 74
NC10-13 A 50.122.9212.68 7.78 0.09 10.5011.94 2.04 0.71 0.22 0.70 176 828 1154 242 99.94 9.1 42.5 89
NC10-14 A 49.80 2.11 13.56 8.75 0.20 9.41 12.32 2.20 0.42 0.21 0.74 72 743 1221 264 99.95 6.5 20.7 75
NC10-15 A 48.562.5712.34 8.22 0.19 12.3312.00 2.15 0.43 0.24 0.67 94 814 1272 220 99.94 12.8 24.5 83
Southern cone
L1-01
A 48.182.75 11.2511.01 0.17 11.1111.38 2.49 0.28 0.27 0.77 325 813 1443 119 99.85 10.6 54.2 89
B 48.122.72 11.6810.85 0.14 10.9611.07 2.44 0.54 0.37 0.73 546 763 1385 206 99.84 10.2 85.5 93
C 49.122.5512.1010.03 0.13 10.1411.21 2.78 0.57 0.35 0.67 313 764 1481 342 99.86 8.4 50.9 91
D 47.862.65 11.4111.22 0.14 11.3111.01 2.57 0.48 0.31 0.69 422 750 1322 206 99.85 11.3 67.0 93
L1-02 A 46.612.35 11.6612.10 0.20 12.0911.03 2.29 0.42 0.33 0.59 83 503 1348 466 99.86 12.7 16.0 78
L1-03 A 47.302.5812.3411.51 0.17 9.85 11.93 2.44 0.37 0.37 0.73 290 575 1763 172 99.82 7.0 48.3 89
L1-05 A 47.11 2.68 11.1811.89 0.22 11.3911.20 2.31 0.45 0.40 0.77 301 722 1564 413 99.82 11.0 50.6 88
L1-10
A 46.502.14 11.7512.54 0.21 12.1110.88 2.25 0.55 0.34 0.47 103 497 948 452 99.89 13.6 17.8 87
B 45.742.79 11.1612.43 0.11 11.9711.67 2.37 0.40 0.05 0.62 233 579 1634355499.85 14.1 38.4 90
L1-11
A 45.582.43 11.5312.66 0.24 11.5511.54 2.44 0.32 0.05 0.71 651 592 1823553499.85 13.0 78.4 95
B 45.792.13 11.1813.29 0.25 12.1210.71 2.43 0.41 0.08 0.67 455 573 1941563199.86 14.8 71.5 94
L1-12 A 46.412.16 11.7912.43 0.21 12.1110.89 2.29 0.51 0.36 0.54 126 529 1084 461 99.86 13.5 21.9 86
L1-13 A 47.272.70 11.4111.89 0.13 10.8411.27 2.09 0.95 0.40 0.67 322 553 1596 328 99.85 10.1 52.2 91
Table 4.6 NC and SC GI corrected for post-entrapment olivine crystallization.
Raw compositions (Table 4.5), recalculated using core olivine composition (Table 4.1) and PETROLOG 
software (Danyushevski, 2004). %PEC is amount of olivine added to GI to reach equilibrium. 
Saturation pressure (Psat) in MPa, and equilibrium vapour composition (CO2
v) in mol.% CO2 calculated 
using VolatileCalc software (Newman and Lowenstern, 2002)
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this study, fluorine was measured by SIMS only, and concentrations are thus reported for GIs 
and glass selvages but not lapilli glasses. At the NC, F ranges narrowly from 811 to 946 ppm in 
glass selvages, 404 to 416 ppm in high-Fe GI, and 743 to 1021 ppm in low-Fe GI. At the SC, F 
ranges from 562 to 595 ppm in glass selvages, and 498 to 948 ppm in GI. F concentrations are 
included here for completeness, but will not be mentioned further.
4.3.5. H2O and CO2 abundances
H2O and CO2 are the volatile species that play the most important physical role in driving 
magma vesiculation and eruption (Gonnermann and Manga, 2007). 
Total H2O ranges from 0.45 to 0.66 wt.% in NC lapilli glasses (Table 4.3), is similar, 
at 0.57 to 0.59 wt.% in the two more differentiated glass selvages, and is higher, at 0.90 wt.%, 
in the less differentiated glass selvage L7-04-G (Table 4.4). CO2 is close to the ~20 ppm FTIR 
lower limit of detection for lapilli matrix glasses, but is 70 to 121 ppm in selvages. The high-Fe 
and low-Fe GI populations are also distinguished by distinctly different H2O and CO2 contents. 
High-Fe inclusions have high H2O, from 1.18 to 1.28 wt.%, and the highest CO2 concentrations 
measured, at 483 and 505 ppm, although L7-04-A has only 182 ppm CO2 (Table 4.5). The high 
H2O contents are more than double the estimated ~0.48 % parental H2O content for tholeiitic 
Lō`ihi  magmas (Dixon and Clague, 2001; Hauri, 2002), but are not as high as H2O up to 1.67 
wt.% (PEC corrected) previously reported in Lō`ihi  melt inclusions (Kent et al., 1999b). The fact 
that the inclusions with the highest H2O also have the highest CO2 (as well as among the highest 
S and MgO) suggests that the measured volatile abundances in the high-Fe inclusions truly 
represent the most primitive, undegassed melt analyzed. Low-Fe inclusions have significantly 
lower H2O, from 0.63 to 0.74 wt.%, and CO2, from 30 to 176 ppm.
 NC high-Fe GIs do not contain vapour bubbles (Table 4.5), suggesting that the measured 
CO2 contents (even in the low-CO2, L7-04-A) represent true melt concentrations. Half of the 
low-Fe GIs analyzed do contain vapour bubbles (Table 4.5). These may result either result from 
multicomponent entrapment of vapour saturated melt (Hauri, 2002; Metrich and Wallace, 2008) 
or post-entrapment differential contraction of melt and host olivine (Roedder, 1984). Although 
vapour saturation at the time of entrapment has been demonstrated by reheating of vapour-
bearing melt inclusions from other studies on Lō`ihi (Hauri, 2002), the size of the vapour 
bubbles in the low-Fe GIs generally appear to scale with the size of the inclusion, suggesting 
that they are caused by differential contraction; in this case, measured CO2 concentrations may 
be underestimated.
 Neither the SC matrix glasses nor GIs are as hydrous as those at the NC. SC lapilli 
glasses have H2O ranging from 0.35 to 0.51 wt.%, and CO2 ranging from below detection (~20 
ppm) to 40 ppm. Glass selvages have H2O from 0.52 to 0.65 wt.% and CO2 from 79 to 82 ppm. 
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SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 H2Ot H2Om CO2 F S Cl Psat CO2
v 
Matrix glass (Dixon and Clague, 2001)
46.3 2.17 13.7 11.8 0.18 8.09 12.5 2.6 0.67 0.23 0.67 0.065 92 - 1070 300 13.6 66
Inclusions corrected for PEC (Hauri, 2002)
1 45.68 1.87 11.36 14.84 0.17 12.8 10.1 2.14 0.235 0.199 0.631 - 636 360 914 131 62.4 93
4 47.66 3.46 13.67 8.89 0.14 11.67 10.73 2.23 0.499 0.47 0.55 - 646 627 1197 333 62.6 94
5 45.45 1.5 12.14 12.41 0.16 13.28 11.79 1.94 0.505 0.208 0.567 - 127 569 1627 326 15.4 76
6 48.08 2.7 13.05 9.79 0.13 12.29 10.84 1.74 0.456 0.291 0.62 - 280 560 1217 334 29.9 86
8 45.09 2.09 12.36 13.24 0.16 12.38 11.56 1.72 0.582 0.328 0.549 - 57 441 1118 388 8.7 61
12 46.06 2.11 12.59 12.1 0.18 11.87 11.47 2.16 0.496 0.291 0.684 - 704 507 1633 285 69.3 93
15 45.93 1.85 11.77 12.77 0.18 12.71 12.01 1.75 0.309 0.22 0.504 - 80 620 1649 177 10.3 72
16 45.7 1.74 11.68 13.04 0.17 13.13 11.85 1.8 0.289 0.188 0.408 - 28 550 1350 174 4.5 57
17 43.34 1.93 10.8 14.48 0.14 15.05 10.38 2.38 0.779 0.269 0.476 - 35 450 2638 11053 5.8 56
18 45.98 1.95 12.08 12.65 0.15 12.55 11.54 1.94 0.454 0.233 0.492 - 742 481 1894 271 70.6 96
Table 4.7. Pillow lava KK31-12 geochemistry.
Major elements by EMP, volatiles by FTIR for matrix glass (Dixon and Clague, 2001) and by 
SIMS for inclusions (Hauri, 2002). All oxides in wt.% except S, Cl, F, and CO2 in ppm. Saturation 
pressure (Psat) in MPa, and equilibrium vapour composition (CO2
v) in mol.% CO2 calculated 
using VolatileCalc software (Newman and Lowenstern, 2002)
SC GIs have only 0.47 to 0.77 wt.% H2O, and CO2 ranging from 83 to 651 ppm. Although less 
hydrous than the high-Fe NC GIs, the H2O content of SC GIs are still much higher than the 
estimated parental H2O of Lō`ihi tholeiitic melt (Dixon and Clague, 2001; Hauri, 2002), and the 
maximum CO2 measured in the SC suite exceeds that of the NC.
4.3.6. Lō`ihi Pillow lava KK31-12
 Although volatile abundances have been studied in many Lō`ihi lavas and olivine-
hosted inclusions (Byers et al., 1985; Garcia et al., 1989, 1998; Honda et al., 1993; Kent et 
al., 1999a, 1999b; Clague et al., 2000; Dixon and Clague, 2001; Hauri, 2002), H2O and CO2 
concentrations in matrix glass (Dixon and Clague, 2001) and inclusions (Hauri, 2002) are only 
available for one pillow lava; sample KK31-12. KK31-12 was dredged from 2186(± 137) mbsl 
on the western flank of Lō`ihi (see inset to Fig. 4.12), by the U.S. Geologic Survey, in 1981 
(Moore et al., 1982). Kent et al. (1999b) presented volatile measurements on inclusions from 
other Lō`ihi basalts for which there is matrix glass data, but did not include CO2 in their reported 
analyses. KK31-12 is perhaps not the ideal comparison to the northern and southern cone melts, 
because it is an alkalic basalt, and is thus expected to begin exsolving water at higher pressures 
than in tholeiitic basalt (Dixon, 1997), and it has 23.5 % vesicles. Regardless, S, H2O and CO2 
exsolution and degassing scenarios of KK31-12 provide an opportunity to compare and contrast 
volatile exsolution and degassing dynamics with the Poseidic cones. Details of KK31-12 are 
given for reference in Table 4.7.
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4.4. Interpretation of Poseidic geochemistry
4.4.1. Do GIs represent parental melt?
Since the goal is to link volatile exsolution pathways to eruption style for individual 
magma batches, it is important to determine if GIs represent parental melt in each of the deposits 
(Figs. 4.4, 4.6).
NC matrix glasses occupy a narrow compositional range for all major elements, 
indicating that the outer layer of the NC from which our samples were collected represents a 
single batch of high-Fe, tholeiitic melt. The slight variation in major element concentrations 
(especially CaO) in the lapilli glasses can be explained by fractionation of < 10% clinopyroxene 
(Fig. 4.4). The less differentiated glass selvage (L7-04-G) plots along olivine control from the 
rest of the matrix glasses. Matrix glass compositions can be explained by fractionation of ~15% 
olivine followed by 5 to 10 % clinopyroxene from the high-Fe GI compositions, and whole 
rock compositions lie along olivine control between these end members. These relationships 
are consistent both with the expected crystallization sequence for Lō`ihi tholeiites (Garcia et al., 
1998, 2006) and with the observed mineral assemblages in lapilli, and together strongly suggest 
that the melt represented by the high-Fe inclusions is parental to the erupted NC melt. It follows 
that their reverse-zoned host olivine crystal (L7-04; Table 4.1) is the only true phenocryst in the 
suite. Low-Fe inclusions, which represent the vast majority of the inclusions analyzed in this 
study, cannot be related to the matrix glasses by fractionation of any of the observed mineral 
phases, by simple mixing of low- and high-Fe end member melt compositions, or by any 
combination of the two processes. This, and the large non-systematic compositional variation 
within the suite of low-Fe inclusions suggests that these are not at all related to the erupted NC 
melt, and that the non- to normally-zoned host olivine crystals in which they are hosted, are 
xenocrystic. The inconvenient consequence of these relationships is that only the very small set 
of high-Fe GIs can be used to constrain degassing of the NC magma.
 Magma sources at Hawaiian volcanoes, including Lō`ihi, have been shown to be 
compositionally heterogeneous in several previous studies (Frey and Clague, 1983; Garcia et 
al., 1989, 1993, 1995; Ren et al., 2005), and this is likely what is represented by the highly 
variable low-Fe inclusions that do not appear to be at all related to the bulk melt. Since low-Fe 
inclusions are also lower in Si than the high-Fe inclusions, they may have been produced by 
melting at lower average pressures, although the higher CaO and slightly lower K2O indicate 
higher degrees of melting (Kent et al., 1999b; Garcia et al., 2006). A detailed discussion about 
the causes and degrees of magma heterogeneity is beyond the scope of the present work, but the 
compositions of the low-Fe inclusions demonstrate that most of the olivine crystals entrained 
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by the NC magma during ascent are xenocrystic. An important note is that the xenocrystic 
olivine crystals were completely sheathed (and even partially resorbed) by typical NC, high-
Fe bulk melt, as indicated by the glass selvage compositions and illustrated on SEM images 
of phencrystic and xenocrystic olivine in Fig. 4.5. Entrainment of the xenocrysts is the only 
apparent interaction between the true, high-Fe NC magma and other stored components, since 
the variety of melts represented by the low-Fe inclusions do not appear to have chemically 
affected the NC magma’s bulk composition by mingling or mixing in any proportion.
 At the SC, the generally tight clustering of matrix glass compositions (Fig. 4.6) indicates 
that (similarly to the NC) the bulk melt erupted represents a single, chemically homogeneous, 
batch of magma. Matrix glasses can be explained well by ~15% olivine crystallization from 
the least-differentiated GI analyzed. Backward projections of olivine control lines in Fig. 4.6 
intersect whole rock compositions, demonstrating that the picritic nature of whole rock analyses 
is the result of olivine accumulation. The scatter in SC GI compositions defines continuous 
trends in increasing SiO2 and TiO2, and decreasing FeO
T, with decreasing MgO. The estimated 
effect of variable post-entrapment crystallization of a typical Lō`ihi chromite is shown, for 
chromite composition given by Garcia et al. (1995). If the chromite growth continued post-
entrapment, trends should be expressed within the GI compositional suite only. Chromite 
crystallization can explain trends in SiO2 and FeO
T, but not TiO2. Another possible explanation 
for the scatter in SC GI compositions is that there has been post-entrapment diffusive loss of 
Fe from the inclusions (Danyushevsky et al., 2002; Metrich and Wallace, 2008). Scatter in SC 
GI compositions is small compared to the analytical error (Fig. 4.6), so the entire SC GI suite is 
considered to be representative of parental melt to the SC bulk melt. 
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Fig. 4.4. Selected major element variation on MgO for northern cone. 
GIs corrected for post-entrapment olivine crystallization (PEC). All analyses normalized to 100%, H2O and CO2 
free, total iron as FeOT. Solid arrows represent 15% fractionation of olivine in 5% increments. Dashed arrow rep-
resents 15% olivine + 10% clinopyroxene fractionation. Trends modeled for equilibrium crystallization from least 
differentiated GI composition, using PETROLOG software (Danyushevsky, 2004).
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Fig. 4.5. BSE images of northern cone olivine crystals.
H2O, CO2, and FeO
T for GIs and glass selvages are shown. A: Phenocryst L7-04, showing 
highly stressed and pitted texture and high-Fe GIs. B: Xenocryst NC10-13, showing high-
Fe resorbant glass selvage despite containing a low-Fe, low-H2O inclusion.
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Fig. 4.6. Selected major element variation on MgO for southern cone.
GIs corrected for post-entrapment olivine crystallization (PEC). All analyses normalized to 100%, H2O and CO2 
free, total iron as FeOT. Solid arrows represent 15% fractionation of olivine in 5% increments. Dashed arrow rep-
resents estimated trends for variable crystallization of a low-Ti, low-Al chromite. Trends modeled for equilibrium 
crystallization from least differentiated GI composition, using PETROLOG software (Danyushevsky, 2004)
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4.4.2. Assessment of chlorine contamination
Submarine glasses with Cl levels greatly in excess of those expected to result from crystal 
fractionation have been found in MORB (Michael and Schilling, 1989; Jambon et al., 1995; 
Michael and Cornell, 1998), in submarine glasses from Kīlauea (Coombs et al., 2004), and in 
submarine matrix glasses and melt inclusions from Lō`ihi (Kent et al., 1999a, 1999b; Dixon and 
Clague, 2001; Hauri, 2002). Elevated Cl concentrations can be explained by the assimilation of 
variable amounts of seawater-derived or -affected components, ranging from altered basalt, to 
brines, to hydrothermal halite (Michael and Schilling, 1989; Kent et al., 1999a, 1999b; Hauri, 
2002). Within published data sets, Cl concentrations vary widely, and  even multiple inclusions 
from within the same host olivine, with otherwize identical major element concentrations, may 
have Cl concentrations that vary by an order of magnitude. This suggests that Cl assimilation 
processes are inherently heterogeneous. The most important consideration in the context of the 
present work, is to determine whether Cl contamination has been accompanied by contamination 
in other elements (especially H2O), that may affect the interpreted volatile exsolution pathways.
Fig. 4.7 shows Cl/K2O versus K2O/H2O for the Poseidic cones, with trends for 
assimilation of different seawater-affected components, after Kent et al. (1999b). Northern cone 
glasses show variable degrees of Cl contamination from a variety of sources. There is evidence 
for assimilation of altered basalt in two of the high-Fe GI, and to a lesser extent in some of the 
low-Fe GIs. One glass selvage shows evidence for assimilation of a 50 wt.% NaCl brine, and 
one low-Fe GI shows evidence for assimilation of hydrothermal halite. Assimilation of altered 
basalt is also apparent in the SC GI; except for three that show extremely high Cl/K2O ratios 
that can best be explained by assimilation of a brine approaching pure halite, with ~ 75% NaCl. 
Assimilation of highly variable seawater-derived or -affected components is clearly an 
issue at Lō`ihi , the inclusions are still considered to be indicators of true magmatic degassing 
for the following reasons: (1) H2O (Fig. 4.7) and CO2 (not shown) do not correlate with Cl in 
glasses from either deposit, so that the highest-Cl glasses are not also the highest in H2O or 
CO2. Without oxygen isotopic data, as observed by Hauri (2002), there is no indication that 
the measured H2O contents in inclusions are anything but magmatic. (2) Multiple inclusions 
from a single host olivine, with identical H2O contents, may have vastly different Cl contents, 
suggesting that H2O contents are not significantly affected by the assimilation process. (3) 
Excluding the high-Cl inclusions from the northern and southern cone data set would not change 
the modelled H2O-CO2 exsolution paths (see Section 4.4.4), or how they were interpreted. 
(4) Even if some of the water in the high-Cl inclusions is seawater or altered basalt-derived, 
any H2O assimilated by the magma at depth is expected to behave just as primary magmatic 
water, so that while assimilation has important consequences for how the volatile budget of the 
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Hawaiian plume as a whole is determined, in the context of a single magma batch feeding a 
single eruption, the source of the water in the magma is of lesser importance. My interpretation 
that seawater-derived Cl assimilation has not modified the H2O content of Lō`ihi  magmas in 
any way that is significant to eruption style-determining volatile exsolution dynamics reiterates 
the interpretation of Dixon and Clague (2001).
Fig. 4.7. Assessment of chlorine contamination.
Cl/K2O vs. K2O/H2O plotted with trends for assimilation of various amounts and types of seawater derived or af-
fected components (Kent et al., 1999). Cl vs. H2O. Note that Cl and H2O are not strongly positively correlated: the 
high-H2O inclusions do not have the highest Cl.
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4.4.3. Sulfur degassing
 Sulfur is an important magmatic volatile that typically degasses at shallow levels along 
with magmatic H2O (Gerlach and Graeber, 1985), and is routinely measured in real-time at 
subaerial volcanoes (e.g., Stix and Gaonac’h, 2000). Sulfur solubility in basaltic melts is 
complicated by its dependence on pressure, temperature, melt composition, Fe content, and 
oxidation state (Wallace and Carmichael, 1992), as well as source heterogeneities (Davis et al., 
1991). Comparison of measured sulfur concentrations in the Poseidic cone samples with those 
from effusive sample KK31-12 (Dixon and Clague, 2001; Hauri, 2002) illustrate some key 
differences in degassing scenarios between the magmas.
 Fig. 4.8 shows S vs FeOT compared to the Fe-S saturation curve for MORB (Dixon et al., 
1991). The majority of NC and SC GIs plot along, or just below the saturation curve, suggesting 
that they did not degas S in a shallow storage zone (Gerlach and Graeber, 1985; Dixon et al., 
1991; Hauri, 2002). NC and SC matrix glasses all plot distinctly below the saturation curve, 
indicating that they definitely have degassed. Inclusions from sample KK31-12, plot variably 
above and below the saturation curve, as observed by Hauri (2002), who suggested that this 
indicated variable degrees of degassing in shallow storage.
 Plots of S vs H2O (Fig. 4.8) show positive correlations for matrix glasses, indicating 
coeval degassing of sulfur and magmatic H2O (Dixon et al., 1991). Sample KK31-12, however, 
has matrix glass (Dixon and Clague, 2001) with high H2O but low S, and intermediate CO2 
(not shown); and, the inclusions do not follow consistent trends, with high variability in H2O 
(and CO2) for any given S. Hauri (2002) used these observations to suggest that there may be 
significant vertical convection in the conduit, allowing portions of melt to degas sulfur and H2O 
in shallow chambers, and then sink up to several km, resorbing CO2-rich vapour bubbles en 
route. Similarly variable S concentrations are found in glasses from Kīlauea, and are attributed 
to two-stage degassing, first in the summit reservoir and then down-rift (Gerlach and Graeber, 
1985; Dixon et al., 1991).
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Fig. 4.8. Sulfur in the Poseidic cones and KK31-12.
S vs. FeOT is plotted against the MORB FeS saturation curve (Dixon et al., 1991). Analyses plotting below the 
curve are interpreted as having degassed S in shallow storage. All matrix glass analyses plot below the curve as ex-
pected. Also shown are S vs. H2O for each data suite. Note that S and H2O are positively correlated in the Poseidic 
cones, but in KK31-12 show a high degree of scatter, and loosely defines a negative correlation.
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Fig. 4.9. Solubility of H2O in basalt over pressure 
range 0.1 to 25 MPa.
Curves modeled for basalt with 48 wt.% SiO2, 1200 
oC, 
using VolatileCalc (Newman and Lowenstern, 2002). 
“Pure H2O” curves is for case with no co-existing fluid 
phase. Grey curves for with co-existing CO2+H2O fluid 
phases of 50, 75, and 90 molar % CO2. Dashed drop 
lines at 10 MPa represent conditions at the ~1 km deep 
summit of Lō`ihi.
4.4.4. H2O+CO2 exsolution
CO2 is less soluble than H2O in basaltic melts, and will exsolve at high pressure, followed 
by increasing amounts of H2O at lower pressure (Dixon and Stolper, 1995; Dixon et al., 1995). If 
early-exsolved CO2 is lost from the system (“open-system degassing”), H2O will remain soluble 
in the melt until low pressures, when the solubility of pure H2O in basalt is reached (Metrich 
and Wallace, 2008). If early-exsolved CO2 remains in communication with the melt from which 
it has degassed (“closed-system degassing”), it will facilitate the exsolution of magmatic H2O 
at higher pressures, by thermodynamically stabilizing CO2+H2O fluids (Holloway, 1976; Dixon 
and Stolper, 1995; Dixon et al., 1995; Dixon and Clague, 2001; Newman and Lowenstern, 
2002). This effect is illustrated in Fig. 4.9, which shows the solubility of water in basalt, over 
the range of 0 to 20 MPa, under four sets of conditions: with no co-existing exsolved fluid 
phase (“pure water” curve), and with co-existing CO2+H2O fluid phases of 50, 75, and 90 
molar % CO2. The curves illustrate that the presence of exsolved H2O+CO2 fluids in the system 
drastically reduce the solubility of magmatic H2O.
In light of the H2O solubility relationships shown above, the summit of Lō`ihi is at a 
very interesting depth (pressure). Hawaiian magmas are typically undersaturated with respect to 
H2O; the estimated parental H2O content of Lō`ihi magmas is only 0.48 to 0.6 wt.% (Dixon and 
Clague, 2001; Hauri, 2002), significantly lower than the ~1 wt.% solubility of pure H2O (Fig. 
4.9). In reality, melts are expected to be more hydrous than parental end members, since H2O 
behaves incompatibly during fractional crystallization of anhydrous phases (e.g., Dixon and 
Clague, 2001). Regardless, the pure water curve in Fig. 4.9 demonstrates that unless CO2-rich 
fluids are present, basalt will easily retain up to ~ 1 wt.% water when decompressed to Lō`ihi 
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summit pressures. H2O will only exsolve, and thus have potential to play a role in determining 
eruption style, if melt remains in chemical equilibrium with its exsolved CO2-rich phase.
 There are two scenarios by which sustained contact, and equilibrium, with CO2-rich 
fluids can be maintained. The first is a form of closed-system degassing referred to in this 
work as “volatile-coupled.” In this scenario, all exsolved volatile species enter bubbles that 
remain mechanically coupled to the melt from which they have grown. The bubbles expand 
by diffusion and decompression as the magma rises, but do not rise buoyantly through it. This 
is consistent with faster magma ascent speeds that typically lead to Hawaiian fire fountaining 
or Plinian eruptions in the rise speed-dependent (RSD) model of explosive basaltic volcanism 
(Wilson and Head, 1981; Parfitt, 2004; Houghton and Gonnermann, 2008). In a second scenario, 
exsolved fluids decouple from the melt and move away from their source sites, but other fluids, 
from deeper in the system, flux continuously through the magma along permeable pathways. 
This scenario has been used to explain apparent closed-system degassing trends in nonvesicular 
obsidian (Newman et al., 1988; Rust et al., 2004). The authors suggest that volatile fluids flux 
through brecciated material at conduit margins, providing the contact with CO2-rich fluids that 
is required to facilitate exsolution of water, without requiring the formation of bubbles.     
  The solubilities of H2O and CO2 are well constrained for basalts, allowing volatile 
exsolution paths to be easily calculated (Dixon and Stolper, 1995; Dixon et al., 1995; Newman 
and Lowenstern, 2002). The trends defined by a given data suite of matrix glasses and GIs 
should mimic an open-system path, closed-system path, or vapour isopleth in CO2-H2O space, 
depending on whether the magma has degassed by an open, volatile-coupled, or vapour-fluxed 
process, respectively. In reality, volatile data suites do not always yield unique solutions for 
exsolution dynamics, because degassing may be heterogeneous in time or space within the 
magma, or may proceed in two or more successive phases of different character (e.g., Spilliaert 
et al., 2006). In this section, the volatile exsolution pathways best defined by the NC and SC 
data are contrasted with those for pillow lava KK31-12 (Fig. 4.10).
 At the northern cone, the low-Fe GIs do not represent parental melt, leaving only the 
three high-Fe inclusions from olivine L7-04 available to constrain the deep degassing history 
of the magma (low-Fe inclusions are shown only for comparison in Fig. 4.10). Northern cone 
GI and glass selvage volatile contents do not lie along vapour isopleths, providing evidence 
against vapour fluxing. Lapilli glasses do, however, lie along the low-P end of the 50 % CO2 
isopleth, suggesting that the final vesicles in lapilli contained 50 molar % CO2. Open-system 
degassing cannot account for the ∆H2O between GIs and lapilli glasses or glass selvages. The 
only point explained by the open-system path is the low-CO2 GI (L7-04-A), which is depleted 
in CO2 but not H2O compared to the other high-Fe GI. The volatile-coupled path reasonably 
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predicts the lapilli glass volatile concentrations, but fails to explain the volatile contents of the 
low-CO2 (high-Fe) GI (L7-04-A), or any of the glass selvages. The best fit to the NC data set is 
defined by a two-stage process, involving a period of deeper, open-system degassing, followed 
by shallower volatile-coupled degassing (Fig. 4.10). Open-system loss of CO2 from ~100 to 60 
MPa can explain the high-H2O/ low-CO2 GI (L7-04-A). A switch to volatile-coupled degassing 
at ~60 MPa would then cause strong exsolution of H2O that can explain glass selvage L7-
04-G, and all lapilli matrix glasses. The only two points not explained by this 2-stage degassing 
scenario are the glass selvages on olivine xenocrysts with low-Fe GI.
The sparse high-Fe GI data does not permit rigorous determination of unique volatile 
exsolution paths at the NC, but the most important consideration in this case is that the lapilli 
glasses are all strongly depleted in H2O compared to all the high-Fe GIs. This indicates that 
strongly volatile-coupled degassing controlled volatile exsolution dynamics at the NC. Whether 
volatile coupling began at ~ 100 MPa, or not until ~60 MPa is of lesser importance for eruption 
dynamics, since both scenarios predict strong- and equivalent- exsolution of H2O (see Section 
4.5.1).
The SC data is less ambiguous than the NC, and fits extremely well with a volatile-
coupled degassing path that accurately predicts both lapilli and selvage volatile contents (Fig. 
4.10). Vapour fluxing is not evident in the SC data, because the volatile-coupled trend cross cuts 
vapour isopleths. Again, the open-system path does not account for the ∆H2O between GIs and 
matrix glasses. This indicates that from at least ~80 MPa, the SC melt ascended with exsolved 
CO2+H2O entering bubbles that were mechanically coupled to the surrounding melt.
 Degassing trends between inclusions and matrix glass in pillow lava KK31-12 (Fig. 
4.10) differ substantially from those of the Poseidic cones. The highest-CO2 inclusions show 
a large degree of scatter in H2O that cannot be accounted for by vapour fluxing or any other 
pressure-related process of melt dehydration, suggesting variable water contents at a storage 
pressure of ~70 MPa. The low-CO2 inclusions follow a volatile-coupled degassing path from 
the highest-H2O inclusion, suggesting that ascent was partially in a closed-system. This trend 
fails, however, to explain the volatile content of the matrix glass, which represents the bulk 
melt that actually erupted. The most important feature of the data set is that the matrix glass 
has equivalent H2O to the highest-H2O, high-CO2 inclusion, indicating that H2O did not exsolve 
from the bulk melt. The matrix glass volatile content is predicted exactly by an open-system 
degassing path. The KK31-12 data suite indicates that this effusively-erupted magma had a 
complex, possibly multi-stage, ascent and degassing history (see Section 4.5.1), but that open-
system degassing ultimately determined the volatile content of the erupted bulk melt.
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4.5. Discussion of Poseidic volatile exsolution dynamics
4.5.1. The importance of magmatic H2O for Poseidic explosivity
 At subaerial basaltic volcanoes, scoria produced in Strombolian bursts and Hawaiian 
fire fountains often have similar bulk vesicularity (Cashman and Mangan, 1994; Lautze and 
Houghton, 2005; Polacci et al., 2006); even though Strombolian bursts are driven by open-
system decoupling of deep-derived gas slugs rising through relatively stagnant magma, and 
Hawaiian fountains are driven by comparatively fast ascent, and volatile-coupled degassing 
(Wilson and Head, 1981; Parfitt, 2004; Houghton and Gonnermann, 2008). If the ascent and 
degassing of the Poseidic Lō`ihi magmas did proceed in a volatile-coupled process, then 
the vesicularity calculated by applying simple mass balance relationships to the H2O +CO2 
volatile exsolution pathways shown in Fig. 4.10 should be comparable to the measured clast 
vesicularities.
 Volatile-coupled vesicularity of each lapillus can be calculated by:   
       (4.1)
where:
      (4.2)
And:
       (4.3)
In equations 4.1-4.3, ρm is magma density (2600 kg/m
3), ρCO2 and ρH2O are fluid densities 
(Lemmon et al., 2008) of volatile phases at the saturation pressure (Psat in Tables 4.3 and 4.6) 
of each lapillus or of the parental inclusion for the deposit, as denoted by superscript lap or GI. 
Vap0 denotes the weight proportion of vapour in the system at the onset of volatile-coupled path 
calculation; XCO2
GI and XH2O
GI denote the composition of this vapour, in equilibrium with the 
parental inclusion for the deposit (CO2
v in Table 4.6).
 Equations 4.1-4.3 were applied to each of the northern and southern cone lapilli listed in 
Table 4.3, for two scenarios. The first is in accordance with the volatile-coupled curves in each 
of the northern and southern cone panes in Fig. 4.10, taking both CO2 and H2O into account. 
The second ignores CO2, and calculates expected vesicularity using only the difference in water 
between the parental GIs and lapilli. Results are shown in Fig. 4.11.    
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 For the volatile-coupled case, almost all Poseidic lapilli have a calculated vesicularity 
that plots within 10% of the measured vesicularity (Fig. 4.11). Considering the large errors 
involved in the calculation, this good agreement between analytical and observed degassing 
(bubble formation) provides further evidence that the northern and southern cone clasts did 
degas in volatile-coupled systems, where all exsolved volatiles can be accounted for by the 
observed vesicles. There has neither been addition of vesicles to the observed populations, nor 
loss of vesicles from them. 
 The H2O-only scenarios for all lapilli plot only negligibly lower than the volatile-
coupled scenarios. This is an extremely important observation, because it indicates that in the 
vesiculation (and hence buoyant acceleration) of the northern and southern cone magmas, H2O 
(not CO2) physically dominated each system, and ultimately drove the eruptions. Firstly, H2O is 
present in higher concentration than CO2, and therefore has greater potential to influence melt 
dynamics. Further, the critical pressure of seawater is ~28 MPa, or 2800 mbsl (Bischoff and 
Rosenbauer, 1988); well below the depth of the Poseidic vents. The critical pressure of CO2, 
however, is only ~7.3 MPa, or 730 mbsl (Lemmon et al., 2008); well above the Poseidic vents 
and summit of Lō`ihi. This means that at each of the vents, bubbles in magma would contain a 
mixture of low-density H2O vapour, and comparatively high-density CO2 supercritical fluid; the 
latter of which would make a lesser contribution to the overall vesicularity, or to acceleration of 
each melt (Papale and Polacci, 1999).
 CO2 is commonly thought to be the most important volatile species for driving submarine 
explosive eruptions (Clague et al., 2003b, 2008; Sohn et al., 2008). The low solubility of CO2 
Fig. 4.11. Expected vesicularity.
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in basalt means that it will begin exsolving at great depths, at which the hydrostatic pressure 
imposed by even a few km of overlying water is negligible compared to vast lithostatic 
pressures, and CO2 has been demonstrated to be the primary volatile element in vesicles of 
some submarine erupted lavas (Moore et al., 1977; Moore, 1979; Burnard, 1999). Because of 
low CO2-solubility, estimates of primary CO2 concentrations in Hawaiian magmas vary widely. 
Even after an extensive study of Hawaiian melt inclusions, Hauri (2002) was only able to give 
an estimated range of 0.28 to 8.5 wt.%, while Papale (2005) used statistical extrapolation from 
KK31-12 inclusions to estimate primary CO2 of 0.62 to 2.8 wt.% in that particular magma 
batch. These uncertainties have allowed the true role of CO2 in determining eruption dynamics 
to remain obscure. 
 Many workers have invoked an accumulation of early-exsolved CO2 into foams that 
subsequently collapse (Vergniolle and Jaupart, 1986) to form the large slugs required to drive 
submarine Strombolian eruptions (Clague et al., 2003b, 2008; Sohn et al., 2008). This model is 
appealing, but it cannot be tested using any available data. The model relies on accumulation of 
CO2 from domains of magma much larger than are ever erupted, and the slugs themselves are not 
preserved. Submarine Strombolian eruptions are theoretically favoured over volatile-coupled 
ones (Head and Wilson, 2003), and the only yet-published account of an observed submarine 
eruption favours a Strombolian mechanism (Chadwick et al., 2008) (but see discussion below).
 Chadwick et al. (2008) observed a submarine explosive eruption from a small vent at 
NW Rota-1 in the Marianna Arc. They observed rhythmic changes in the intensity of magmatic 
gas and particle discharge from the ~2 m diameter vent, at ~550 mbsl. Chadwick et al. (2008) 
interpret the eruption as “most consistent with a Strombolian eruption style,” mainly because 
of the episodicity of the activity. They developed a conduit model based on partial volatile 
segregation into slugs that ascend in the conduit, collect just below the vent, and then burst 
through the vent, and suggest that a minor amount of contact-surface steam explosivity may 
have been occurring in the vent as well. The video footage collected by Chadwick et al. (2008) 
is spectacular, but there are several details about the NW Rota-1 activity that make it still 
an unsuitable analogue to subaerial Strombolian eruptions. Firstly, the magma discharge rate 
reported by Chadwick et al. (2008) ranges from 0 to 100 m3/hr. Note that discharge rates 
are usually reported in (dense rock equivalent) kg/s, with the mildest Strombolian eruptions 
discharging 100-1000 kg/s (Houghton and Gonnermann, 2008). If the NW Rota-1 discharge 
rates are expressed in kg/s, they are only trivially above zero (although the density of juvenile 
particles was not reported by Chadwick et al., 2008). This, along with the very small (~2 m 
diameter) of the active vent, suggests that NW Rota 1 is more akin to a vigorous fumarole, than 
an explosive vent. Furthermore, NW Rota-1 is not comparable to deep (>>500 mbsl) basaltic 
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eruptions in most of the world’s oceans. At ~550 mbsl, it is only marginally below the depth-
limit of explosive volcanism suggested by McBirney (1963), and it is shallower than the ~730 
m critical depth of CO2 (Lemmon et al., 2008). Also, it erupts basaltic andesite arc magma, with 
residual H2O contents up to 5.8 wt.% (Chadwick et al., 2008). This magma has significantly 
different physical properties, and parental volatile contents than the mid-ocean ridge and ocean 
island basalts that are volumetrically dominant at oceanic volcanoes. The NW Rota-1 eruptions 
provide an excellent opportunity to observe submarine volcanic activity, but the tiny scale of 
the vent, negligible juvenile magma discharge rate in particular, mean that observations at NW 
Rota-1 cannot be applied to explain most submarine volcaniclastic deposits. 
 From the degassing paths recorded by northern and southern cone matrix glasses 
and GIs (Fig. 4.10), and from considerations of how these degassing paths would influence 
vesicularity (Fig. 4.11), it is apparent that CO2 does play an essential role in determining if a 
given magma batch will degas in a volatile-coupled system, and erupt explosively; however, 
this role is indirect. CO2 itself does not drive intensive vesiculation and acceleration of the melt; 
rather, it thermodynamically stabilizes H2O+CO2 fluids, dominated initially by supercritical 
CO2 at depth, so that magmatic H2O can readily exsolve from the melt. It is this strong, volatile-
coupled exsolution of magmatic H2O that then has the direct potential to help drive violent 
submarine explosive eruptions. This degassing style is more analogous to that which drives 
Hawaiian fire fountains than Strombolian bursts, although the comparison to subaerial eruption 
styles is weak. Hawaiian magma that loses the bulk of its CO2 in shallow storage may still 
erupt explosively due to volatile-coupled degassing of nearly pure H2O (Gerlach and Graeber, 
1985), whereas such a scenario would preclude Poseidic explosivity. Contrary to CO2-driven 
submarine explosive eruption models (Clague et al., 2003b, 2008; Sohn et al., 2008), the NC 
and SC magmas do not show any evidence for having been fragmented by CO2-rich fluids (see 
Chapter 5).
 
4.5.2. Glass equilibration pressures and implications for Lō`ihi’s magmatic plumbing system
 It is appropriate to assume volatile saturation for all the glasses and inclusions analyzed 
in this study, since the magmas are highly vesicular (Dixon and Clague, 2001), and were 
clearly degassing due to decompression. This assumption allows the volatile saturation pressure 
(Psat) of each glass to be calculated (Tables 4.3-4.4, 4.6) (Dixon and Stolper, 1995; Dixon et 
al., 1995; Newman and Lowenstern, 2002). For matrix glasses, Psat represents the minimum 
pressure to which a melt domain equilibrated before quenching, and for inclusions, Psat provides 
a minimum estimate of the entrapment pressure. For vapour-bubble bearing inclusions, Psat 
may be underestimated if the bubbles are the result of post-entrapment differential contraction 
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of melt and the host olivine (Roedder, 1984). Psat for Poseidic cone, and KK31-12 glasses are 
plotted as equivalent hydrostatic (± magmastatic) depth on topographic profiles in Fig. 4.12, to 
allow schematic visualization of the magmatic plumbing systems that fed each of the eruptions. 
 For matrix glasses with Psat<Pv, where Psat and Pv are the saturation pressure of the glass 
and the hydrostatic pressure at the vent, respectively, the equivalent depth (z) is hydrostatic, 
taken as z=Pv/10 (for Psat in MPa, and ρw=1000 kg/m
3). GIs with Psat>Pv were entrapped below the 
vent, under a combination of magmastatic and hydrostatic pressure. Depths are then calculated 
by:
        (4.4)
where zv is the depth of the vent; ρm is magma density (2700 kg/m
3), and g is gravitational 
acceleration (~10 N/kg). Glass selvages in the Poseidic deposits all have Peq>Pv (this is discussed 
further in Chapter 5), and their depths have been calculated with equation 4.4.
 The NC profile shows entrapment of the high-CO2/ high-Fe inclusions at ~4 km below the 
vent, followed by entrapment of the low-CO2/ high-Fe inclusion at ~1.5 km. This depth interval 
is interpreted as the range over which the NC melt degassing in an open-system, according to 
the 2-stage degassing path outlined in Section 4.4.4 and Fig. 4.10. Volatile-coupled exsolution 
proceeded from this point, accompanied by the onset of H2O exsolution, strong vesiculation, 
and acceleration of the melt. High-Fe inclusions do not contain vapour bubbles, suggesting 
that the Psat-determined depths are reliable. Glass selvages quenched at 500 to 700 m below 
the vent, and potentially mark a deep infiltration of seawater into the conduit (see Chapter 5). 
Low-Fe, xenocryst-hosted inclusions were entrapped between 1.25 km and a few 10s of metres 
below the vent. Although matrix glasses in lavas on Lō`ihi have been shown to often equilibrate 
to their depth of collection (as a proxy for depth of eruption) (Dixon and Clague, 2001), this 
is not true of NC lapilli, which equilibrated to several 100s of metres (hydrostatic) above the 
vent. This suggests that the lapilli traveled significant distances upward from the vent in a 
thermally insulated explosive jet, and were subsequently quenched as they rained out of the jet 
and contacted cold seawater. This jetting phase included continued H2O and CO2 exsolution, as 
well as the shallow degassing of S (Fig. 4.8).
 The conduit geometry implied by the saturation pressures of the NC glasses is a very 
simple one, with a single central conduit feeding directly from ~4 km (lithostatic) to the vent. 
Crystallization was proceeding below and throughout this interval, allowing entrapment of 
the high-Fe inclusions. Volatile-coupled degassing in the shallowest ~1.5 km of the conduit 
indicates that from this point the bubbles that formed remained mechanically coupled to the 
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melt from which they grew, and would have accelerated the melt toward the vent as they grew 
by both decompression and diffusion (Cashman and Mangan, 1994). 
 It is unfortunate that so few high-Fe, parental inclusions are available, because the sparse 
data set does not allow a unique volatile exsolution path to be rigorously determined. The single, 
high-Fe inclusion-bearing reverse olivine (L7-04) is the only true NC phenocryst observed in 
this study, despite extensive scouring of the ash fraction of the deposit, and the phenocrysts 
within lapilli. Considering hydrous nature of the NC melt, volatile-coupled degassing would 
have meant extremely rapid H2O exsolution, vesiculation, and most importantly, acceleration 
of the melt up the conduit. This scenario in itself precludes the relatively slow-cooling (which 
would result from magma ponding or stagnation) of melt required to form olivine phenocrysts, 
and entrap their associated inclusions. 
 The time and location at which low-Fe inclusion-bearing olivine xenocrysts were 
entrained into the NC melt remains somewhat of a mystery. Since the xenocrysts are coated and 
even embayed by glass selvages that are chemically identical to the NC lapilli glass (Fig. 4.5), 
the xenocrysts had to be entrained within the conduit system when the high-Fe melt was still 
hot and fluid. The most likely scenario is that the xenocrysts were entrained directly from their 
shallow, ponded storage zones at depths indicated by their Psat-calculated depths (Fig. 4.12), by 
relatively fast-ascending NC melt. Some degree of uncertainty lies in the depth of entrapment 
of low-Fe inclusions because some contain vapour bubbles that roughly scale in size with the 
size of the inclusion, and may result from post-entrapment shrinkage (Roedder, 1984; Metrich 
and Wallace, 2008). Thin manganese oxide coatings are observed on some of the xenocrysts 
(and not on any other clasts), but these are on the outside of the high-Fe glass selvages (Fig. 
4.5), and therefore must post-date coating and entrainment by the NC melt. The enigma lies 
in the fact that there is no evidence for interaction of high- and low-Fe melts. The NC matrix 
glass can be generated directly by fractionation of observed phenocrysts phases from the high-
Fe inclusions- none of the major element concentrations suggest that low-Fe melt has mixed 
with the high-Fe melt in any proportion (see Fig. 4.4). A possibility is that there would likely 
have been a 2-3 order of magnitude viscosity contrast between the hydrous, hot, high-Fe melt, 
and the relatively anhydrous, cooler, low-Fe melt (Hess and Dingwell, 1996; Giordano and 
Dingwell, 2003; Giordano et al., 2008). This, combined with the high differential velocities of 
the accelerating high-Fe melt and stagnant low-Fe melt may have precluded mingling or mixing 
of the melts over the time scales of interaction (Huppert et al., 1984; Huppert, 1986), although the 
high-Fe melt was able to entrain the solids (the crystals) from the low-Fe magma. Alternatively, 
the low-Fe inclusion-bearing olivine could have been entrained from the remnants of an earlier 
magma that no longer retained any bulk melt; however, it is again enigmatic that the crystals 
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were entrained without any evidence for co-entrainment of their solidified host rock.
 The inferred magmatic plumbing system that fed the SC is more straightforwardly 
inferred than that of the NC, because of a larger parental inclusion data set, and a lack of 
xenocrysts. The deepest-entrapped SC inclusions are equilibrated to ~ 3 km below the vent, with 
progressive volatile-coupled ascent, entrapment of progressively volatile-depleted inclusions, 
vesiculation, and acceleration of the melt from this depth through to the vent. Glass selvages 
are uniformly equilibrated to ~200 m below the vent, probably because water infiltrated the 
conduit, and are likely to record a hydromagmatic fragmentation level (See Chapter 5). As 
with the NC, the lapilli are equilibrated to hydrostatic pressures well above the vent, again 
suggesting that they remained thermally insulated as they traveled upwards in a high eruptive 
jet, where exsolution of H2O, CO2, and S continued.
 In contrast to the comparatively simple plumbing systems inferred from glass equilibration 
pressures at the Poseidic cones, the plumbing system for KK31-12 has myriad complexities. 
The first complexity arises from the ranges of H2O, CO2, and S content in the inclusions. These 
suggest a combination of closed-system degassing of H2O+CO2, shallow degassing of S, and 
possible recharge of degassed melt with CO2. Hauri (2002) reconciled the variability of CO2 at 
equivalent H2O (Table 4.7, Fig. 4.10) and the shallow degassing of S (Fig. 4.8) by suggesting 
that there was significant vertical convection, accompanied by heterogeneous resorption of 
previously-exsolved volatiles in the KK31-12 plumbing system. The second complication is 
that some of the KK31-12 inclusions have low Psat, that appear to have equilibrated to pressures 
lower than that of the matrix glass, and lower than can be accommodated lithostatically at any 
point on Lō`ihi. In the model of Fig. 4.12, this is represented by placing the main, vertical 
conduit under the northwestern summit plateau, the only area of Lō`ihi that approaches (but still 
does not fully reach) depths shallow enough to have accommodated the lowest-Psat inclusions, 
without them erupting. This allows Pv to be minimized to ~11 MPa in the Psat calculation of 
equivalent depths (equation 4.4). The third complexity arises from a substantial discrepancy 
between the matrix glass Psat-determined eruption depth of the KK31-12 (~1360 mbsl; Dixon 
and Clague, 2001), and the depth from which it was dredged (~2186 mbsl; Moore et al., 1982). 
This can be reconciled if the pressure indicated by the matrix glass does not represent a quench 
pressure, but rather the minimum pressure reached by the bulk of the erupted melt in the central 
summit conduit. In this case, the depth represented by the matrix glass is the estimated depth 
at which the melt entered a down-rift conduit, travelling gravitationally ~8 km (laterally) from 
the summit plateau to a vent at the collection depth of ~2186 mbsl (Fig. 4.12 and inset). Finally, 
the fact that the matrix glass has H2O concentrations similar to the deep Psat inclusions, but 
much greater than those of the shallow, vertically-convected portions of melt (represented by 
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low-Psat inclusions), indicates that the majority of the melt that traveled down-rift is open-
system degassed, hydrous melt from below the confluence of the central conduit and down-rift 
plumbing. The central conduit, as imagined in Fig. 4.12, must have been “leaky”, allowing 
physical decoupling of CO2-rich fluids as they exsolved. The only evidence for mixing of 
dehydrated, vertically convected melts in the erupted products is their presence as inclusions.
 This hypothesis for the ascent, degassing, and eruption of the KK31-12 magma is 
plausible, but is certainly not a unique solution, and should be viewed with some skepticism, 
even though it is similar to the much better-constrained 2-stage degassing system inferred for 
the neighbouring Kīlauea (Gerlach and Graeber, 1985) and Mauna Loa (Davis et al., 2003) 
volcanoes. It is presented to illustrate some fundamental differences between the plumbing 
system that fed the explosive eruptions that created the Poseidic cones, and the effusive 
eruption that created the KK31-12 pillow lava. The NC and SC inclusion data record relatively 
uninterrupted ascent under dominantly volatile-coupled conditions from depth to vent. There is 
no evidence for ponding or stagnation of the melt at any point, except for the fact that enough 
olivine crystallization was proceeding to entrap inclusions. The erupted products themselves 
(matrix glasses in lapilli), suggest eruption in thermally insulated jets to substantial heights above 
their respective vents. Conversely, the effusive magma shows signs of stagnation, open-system 
exsolution of CO2 (but retention of H2O), vertical convection of melt, and scattered saturation 
pressures that denote complex recycling of melt in the subsurface. The erupted product (matrix 
glass in KK31-12) equilibrated to pressures much lower than its depth of collection, indicating 
significant down-rift flow in the subsurface.
 These differences suggest that the magmatic plumbing system through which each 
batch of Lō`ihi melt travels will exert a significant level of control on if the melt eventually 
erupts explosively or effusively. While the parental NC magma was relatively hydrous, with an 
inherently higher explosive potential, the parental SC magma was no more volatile-enriched 
than the KK31-12 magma. It was volatile-coupled exsolution dynamics, and a simple source-
to-vent, “non-leaky” plumbing system that ultimately allowed the SC melt to erupt explosively.
4.5.3. Why so few Poseidic cones on Lō`ihi?    
 Little is known about the magmatic plumbing system below Lō`ihi ; however, if it is 
like other Hawaiian volcanoes, Lō`ihi’s recent transition into tholeiitic shield-building stage 
(Moore et al., 1982; Garcia et al., 2006) should have been accompanied by the development of a 
well established shallow magmatic plumbing system (Bohrson, 2007), consisting of a complex 
network of dikes and sills. Seismic (Caplan-Auerbach and Duennebier, 2001) and petrologic 
(Garcia et al., 1998) evidence from 1996 demonstrated that this is the case, with at least one 
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shallow magma reservoir at ~8-9 km below Lō`ihi ’s summit. 
 A complex shallow plumbing system is known to exist at Kīlauea volcano (Gerlach 
and Graeber, 1985), and dictates a well-documented two-stage degassing process, involving 
passive, open-system outgassing from a summit reservoir, followed by travel down-rift. Rift 
zone magma may either enter a second phase of open-system degassing and erupt effusively, or 
may undergo closed-system degassing leading to explosive fire fountaining. Even if all early-
exsolved CO2 is passively lost from the magma, highly explosive eruptions may be possible 
due to late, shallow volatile-coupled exsolution of magmatic H2O. Lō`ihi , with its two nearly 
parallel N and S rift zones, may have a similar shallow plumbing system, subject to similar 
two-stage degassing. Explosivity at Lō`ihi, however, is restricted by the limits that hydrostatic 
pressure places on degassing, which can be thought of as a lowering of effective volatile budget 
of the magma. It may be that only the batches of magma that manage to avoid the initial, open-
system loss of CO2 in shallow storage will retain any explosive potential. 
   The compositions of hydrothermal fluids emitted at Lō`ihi suggest that passive outgassing 
from the shallow magmatic system is a common and persistent process in the summit region of 
the volcano. Fluids have been analyzed both from individual vents (Karl et al., 1988; Sedwick 
et al., 1992, 1994; Hilton et al., 1998; Wheat et al., 2000) and as a pervasive plume in the water 
column above the volcano (Horribe et al., 1986; Gamo et al., 1987; Sakai et al., 1987; Lupton, 
1996; Garcia et al., 2006). These fluids are routinely found to contain significant concentrations 
of magmatic CO2 (Sakai et al., 1987; Karl et al., 1988; Sedwick et al., 1992, 1994; Wheat et al., 
2000; Garcia et al., 2006), and localized compositions were observed to change in response to 
the 1996 eruption (Davis and Clague, 1998; Hilton et al., 1998; Wheat et al., 2000), indicating 
a direct link between hydrothermal activity and shallow magmatic ascent. 
 These observations suggest that the “typical scenario” leading to volumetrically 
dominant lava flows, involves passive open-system loss of early-exsolved magmatic CO2 from 
the “leaky” shallow plumbing system of Lō`ihi. This generates the observed hydrothermal 
fluids and plumes, and lowers explosive potential. The NC data suggests that even if there is an 
early phase of open-system CO2-loss, explosive potential may still be maintained for relatively 
hydrous melts, provided that they shift to a shallow stage of strongly closed-system degassing 
of H2O into vesicles that are mechanically coupled to the ascending melt. 
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Chapter 5. Poseidic Fragmentation
5.1. Introduction
 In the first detailed treatment of volcanic fragmentation, Verhoogen (1951) equated the 
terms “ash formation” (read: fragmentation) and “volcanic explosion.” Fragmentation is now 
commonly described as “a process in which … magma transforms from a continuous melt phase 
with bubbles to discrete pieces of magma…” (Gonnermann and Manga, 2007); it is the process 
that ultimately differentiates effusive from explosive eruptions (Verhoogen, 1951), and is thus 
of fundamental importance for determining eruption style, and how hazardous an eruption 
will be (e.g., Dingwell, 1996). Despite the widely recognized importance of fragmentation, 
it remains one of the least understood fundamental processes in volcanology. The assessment 
of fragmentation processes in submarine explosive eruptions is doubly complicated by the 
fact that external water can enhance or cause fragmentation of magmas that otherwize would 
fragment differently, or even not at all, by purely magmatic processes. In the following sections, 
“magmatic” and “hydromagmatic” fragmentation are loosely defined as the breakup of magma 
without, or with some form of magma/water interaction, respectively. These are broad divisions, 
and both processes may operate in any given eruption (Heiken, 1972). 
5.1.1. Magmatic fragmentation mechanisms and controls
 Magmatic fragmentation, that in which external water does not play a role, depends on 
the complex interplay of several factors, including: (1) the physical state of the magma - mainly 
its vesicularity, crystallinity, and permeability (Verhoogen, 1951; McBirney, 1963; McBirney 
and Murase, 1970; Sparks, 1978; Klug and Cashman, 1996; Namiki and Manga, 2008); (2) 
the material properties of the melt - mainly melt viscosity, and tensile strength (McBirney and 
Murase, 1970; Sparks, 1978; Alidibirov and Dingwell, 1996; Dingwell, 1996; Papale, 1999; 
Namiki and Manga, 2008); and (3) the rates of magma ascent, decompression, and deformation 
(Verhoogen, 1951; McBirney and Murase, 1970; Bennett, 1971, 1974; Webb and Dingwell, 
1990; Shimozuru, 1994; Alidibirov and Dingwell, 1996, 2000; Papale, 1999; Zhang, 1999). The 
combination of these effects is inherently complicated. It has led to magmatic fragmentation 
being described in several ways, but still there is no consensus on the specific mechanisms by 
which magmatic fragmentation occurs, and there is no singular mechanism that explains the 
typical mixture of ash and larger vesicular fragments produced by any given eruption. 
In the first quantitative look at magmatic fragmentation, Verhoogen (1951) drew a 
direct link between magmatic fragmentation and vesiculation. He suggested that when there 
were a large number of bubbles, and when expansion of these bubbles was faster than their 
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(decoupled) rise speed, pervasive coalescence would cause magma to break apart. McBirney 
(1963) and McBirney and Murase (1970) later reasoned that except in rare cases, bubble rise 
rates would always be negligible relative to magma ascent rates, and noted that natural pyroclasts 
may be dense or extremely vesicular. They therefore suggested that instead of coalescence, 
fragmentation was driven by gas overpressure in vesicles (McBirney and Murase, 1970), with 
breakup of the magma occurring when the pressure inside vesicles overcame the melt’s tensile 
strength (for low vesicularities) or surface tension (for high vesicularities). Bennett (1971, 1974) 
suggested that expansion shock waves propagating through a magma column were the driving 
force behind fragmentation. His theories relied in part on vapourisation and recondensation 
of magmatic melt itself, but were not widely accepted (Sparks, 1978). An influential paper by 
Sparks (1978) suggested that fragmentation occurred at a critical volume fraction (~78%) of 
bubbles within a melt. This fragmentation index has been widely cited, but fails to explain why 
pyroclasts are observed to have a wide range of vesicularity spanning the complete range from 
0 to 98 %. More recent experimental and theoretical treatments of magmatic fragmentation 
typically describe the process according to a particular criterion, or threshold, determined by 
the material properties of the magma. 
 The “strain-rate dependent” model of Papale (1999) is based on melt relaxation theory, 
and envisions magma breakup being caused by shearing of melt as it accelerates in a volcanic 
conduit. A viscous fluid subjected to high strain rates will exhibit non-Newtonian behaviour 
(Webb and Dingwell, 1990) and will fail in a brittle fashion when the strain rate exceeds 
a threshold value. This effect can easily be visualized with toffee: if stretched slowly (low 
strain rate), it will deform and stretch, if stretched quickly (high strain rate), it will break in a 
brittle fashion. Microlite-free basaltic magma is generally not expected to meet the strain-rate 
criterion for brittle fragmentation under normal conduit flow regimes (Papale, 1999; Houghton 
and Gonnermann, 2008).
 The popular “overpressure” model of magmatic fragmentation is based largely on the 
original formulations and theories of McBirney and Murase (1970). The original overpressure 
theory has been refined by theoretical studies that examine the bursting of individual bubbles 
according to brittle failure theory, where the internal pressure of bubbles may exceed the tensile 
strength of the magma (McBirney and Murase, 1970; Alidibirov, 1994; Zhang, 1999). This 
process is most commonly invoked for situations where magma decompression rates exceed 
melt relaxation rates, so that overpressure develops in bubbles (Alidibirov and Dingwell, 1996; 
Spieler et al., 2004). Even the most recent experiments that fragment magma by overpressure 
(Spieler et al., 2004) do not yield substantially different results from the original formulations 
of McBirney and Murase (1970). Theoretical and experimental treatments of the “stress 
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criterion” indicate that it is most likely for high-viscosity magmas (Alidibirov and Dingwell, 
2000), particularly when they are subjected to rapid unloading, as in the case of dome collapse 
(Alidibirov and Dingwell, 1996). Similarly to the strain-rate criterion, the stress criterion is 
not expected to be achieved in low-viscosity basaltic magmas (Houghton and Gonnermann, 
2008; Namiki and Manga, 2008), except in cases where: (1) high effective viscosity develops 
in preferentially dehydrated melt shells directly adjacent to growing bubbles (Lensky et al., 
2001); or (2) high effective viscosity develops during rapid decompression-induced microlite 
crystallization (Sable et al., 2006; Houghton and Gonnermann, 2008). Despite the popularity, 
theoretical strength, and experimental verification of some role for overpressure in driving 
magmatic fragmentation, no single model yet exists to explain why some bubbles within a 
magma burst, and others do not, but rather are preserved within highly vesicular pyroclasts.
 The magmatic fragmentation mechanism that is likely most applicable to low-viscosity 
basaltic melts follows the “inertial criterion” model of Namiki and Manga (2008). The inertial 
criterion is based on fluid mechanics, where bubble expansion in a low viscosity melt may lead 
to fragmentation if it imparts sufficient inertia to the melt to exceed a critical Reynolds number 
(the dimensionless ratio of inertial to viscous forces). This process must occur before bubbles 
have expanded and coalesced enough to impart permeability to the melt. The inertial criterion 
requires surface tension to be negligible compared to viscous forces, with surface tension 
governed by the Weber number (a measure of the relative magnitudes of inertia and surface 
tension). Still, the inertial criterion cannot fully explain observed pyroclast textures. Scoria and 
elongate particles such as Pele’s hair, the former formed by brittle fracture of a vesicular melt, 
and the latter formed by ductile deformation of melt, are commonly found together in basaltic 
pyroclastic deposits. Ductile deformation requires that surface tension forces dominate over 
inertial forces (low Reynolds number and high Weber number) (Shimozuru, 1994), in direct 
opposition to the conditions required for inertial fragmentation to form scoria (Namiki and 
Manga, 2008).
 The common feature of the magmatic fragmentation mechanisms mentioned above is 
that they are in some way related to magma vesiculation. There are, however, other means by 
which nonvesicular magmas can be reduced to fragmental material, that are still fundamentally 
“magmatic.” Vulcanian explosive eruptions occur when large gas overpressure develops in 
a volcanic conduit that is sealed by a solidified cap or dome rock (Minakami, 1950; Self et 
al., 1979). These violent eruptions involve extensive fragmentation and ejection of cap rock 
material that may or may not be partially vesiculated. Lava flows may autobrecciate in response 
to stresses induced within volcanic vents or during flow (Fisher, 1961, 1966). Also, pyroclastic 
obsidian may be produced due to intense shearing of nonvesicular melt along conduit walls 
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(Newman et al., 1988; Rust et al., 2004). The specific mechanisms of magmatic fragmentation 
are thus as varied as are the resulting clasts themselves.
 
5.1.2. Hydromagmatic fragmentation mechanisms and controls
 External water has long been recognized to have the capacity to fragment magma 
that would otherwize remain in coherent bodies, or to enhance magmatic fragmentation (e.g., 
(Stearns and Vaksvik, 1935; Stearns and Macdonald, 1946; Jagger, 1949; Carlisle, 1963; Heiken, 
1972; Self and Sparks, 1978; Sheridan and Wohletz, 1981, 1983; Wohletz, 1983). Specific 
mechanisms of hydromagmatic fragmentation are better constrained than those of magmatic 
fragmentation, and range in intensity from non-explosive granulation, through many variations 
of steam expansion (±explosion), to highly explosive molten fuel-coolant interactions (MFCI).
 Quench granulation (also referred to as “cooling-contraction granulation”) involves 
the brittle breakage and spalling of quenched glass rinds due to volumetric reduction upon 
cooling (Rittmann, 1962; Carlisle, 1963; Honnorez and Kirst, 1975; Kokelaar, 1986). Since this 
process is driven solely by temperature, and does not require pressure-dependent phase changes 
of the external water, it is not depth-limited (Kokelaar, 1986; Wohletz, 2003). A low-energy 
process, quench granulation has been widely invoked to explain widespread volcaniclastic 
deposits on seamounts (Moore and Fiske, 1969; Bonatti, 1970; Tazieff, 1972; Fisher, 1984; 
Bonatti et al., 1988) with the development of hyaloclastites granulated non-explosively from 
effusive lava bodies (Carlisle, 1963; Batiza et al., 1984; Smith and Batiza, 1989; Batiza and 
White, 2000; Maicher et al., 2000). Granulation may also occur along with other mechanisms of 
fragmentation during an eruption, acting on pyroclasts that initially formed in an earlier phase 
of fragmentation (e.g., Heiken, 1972; Honnorez and Kirst, 1975; Kokelaar, 1983; Wohletz et 
al., 1989; Büttner et al., 2002; Clague et al., 2008). This would be an add-on process, where 
granulation would result in more fine-grained material in deposits, but would not contribute to 
eruption vigour.
 Steam-driven fragmentation may occur when external water that is superheated by 
magma dramatically expands through the phase transition (Stearns and Clark, 1930; Stearns 
and Vaksvik, 1935; Stearns and Macdonald, 1946; Jagger, 1949; Kokelaar, 1986). The effects of 
steam-driven fragmentation vary widely, depending on many factors, including: the source of 
water - whether it be a surface reservoir or aquifer; the geometry of the water-magma interface, 
since water may be fully entrapped by, or just adjacent to, the magma (Mattox and Mangan, 
1997); and the ambient hydrostatic pressure - which significantly diminishes the degree to 
which superheated water expands. Since vapour expansion decreases with increasing ambient 
pressure, it is a depth-limited process that ceases to be possible below the ~3 km critical point 
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of seawater (Kokelaar, 1986; Wohletz, 2003). The potential for similar, but lower-energy 
fragmentation of this type, driven by water in a supercritical fluid state at abyssal depths is still 
subject to some debate, and is explored in Part 4 of this thesis.
 Molten fuel-coolant interaction (MFCI) (Colgate and Sigurgeirsson, 1973; Büttner 
and Zimanowski, 1998), also referred to as “contact-surface steam explosivity” (Kokelaar, 
1986), is the volcanic equivalent of a violent type of explosion that is of safety concern in the 
metallurgical industry (Colgate and Sigurgeirsson, 1973). MFCI may occur when two liquids, 
one with a temperature greatly in excess of the saturation temperature of the other, interact over 
an interfacial area of direct contact. In the volcanic case, the hot “fuel” is the magma and the 
“coolant” is the water. MFCI proceeds in four phases: premixing, triggering, thermohydraulic 
explosion, and expansion (Zimanowski et al., 1991; Büttner and Zimanowski, 1998). In the 
premixing phase, water and melt hydrodynamically mingle under stable film boiling conditions 
(the “Liedenfrost effect”). This is important for establishing the interfacial geometry for the 
interaction. The premix can most likely be described as a dispersion of cm-scale water domains 
in the melt (Zimanowski et al., 1997a), and the requirement of stable film boiling suggests that 
this process will be significantly hindered by increasing hydrostatic pressure (Zimanowski and 
Büttner, 2003). In the triggering phase, a weak shock wave causes total collapse of vapour 
films, bringing water and melt into direct physical contact. In the thermohydraulic explosion 
phase, the explosive expansion of superheated water imparts mechanical energy to the melt 
with which it is mechanically coupled, causing the melt to fragment in a brittle fashion, and 
releasing seismic energy. This phase may be self-sustaining, as each successive fragmentation 
event makes more melt surface available for cyclic steam film development and continued 
thermohydraulic explosions. Thermohydraulic explosions are highly energetic, accompanied by 
the release of significant amounts of kinetic energy and shock waves (Büttner and Zimanowski, 
1998); they represent the most violent mechanism of volcanic fragmentation known, and 
produce particles of unique morphology (Büttner et al., 1999, 2002). The expansion phase 
involves acceleration of melt and steam away from explosion loci. If hot melt is still present it 
may be subject to liquid instabilities from inertial forces along trajectories away from explosion 
sites (Zimanowski et al., 1997b). System expansion generally marks the end of the MFCI cycle 
(Zimanowski and Büttner, 2003).
 Until recent experiments by Austin-Erickson et al. (2008), magma-water interaction 
experiments with high viscosity rhyolite melt had not generated MFCI. The high viscosity of 
silicic melt is a significant hydrodynamic barrier to efficient premixing. Austin-Erickson et al. 
(2008) showed that initial stages of fracturing, driven by a magmatic expansion, can provide a 
level of direct interfacial contact sufficient to produce non-sustained MFCI. This is an important 
discovery. It indicates that hydrodynamic premixing may not be a necessary first step in MCFI 
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if instead there is a “magmatic trigger.” Note that explosions in the experiments of Austin-
Erickson et al. (2008) were not as sustained as in traditional MFCI (e.g., thermohydraulic phase 
was not self-sustaining). The melt was less thoroughly fragmented, but active particles were 
readily found in the experimental results, indicating that localized, non-sustained, MFCI-style 
thermohydraulic explosions drove fragmentation.
5.1.2. Identifying fragmentation mechanisms from features of pyroclasts
 The specific mechanism by which a melt has been strongly fragmented is best preserved 
in the morphology of ash-sized particles (Heiken, 1972; Honnorez and Kirst, 1975; Wohletz, 
1983, 1987; Heiken and Wohletz, 1985; Dellino and La Volpe, 1996; Büttner et al., 1999). 
Lapilli and larger pyroclasts, as shown in Chapter 3, may be subject to significant textural 
modification during transport and deposition (Cashman and Mangan, 1994). Their shapes 
are non-diagnostic of fragmentation mechanism, and they are also, by definition, the less-
well fragmented parts of the magma, and do not provide direct evidence of the fragmentation 
process producing the finest particles. The most robust method of linking ash morphology to 
fragmentation mechanism is still in the qualitative evaluation of particle shapes and surface 
features, typically done by comparing SEM images of natural and experimentally produced 
particles (Heiken, 1972; Honnorez and Kirst, 1975; Heiken and Wohletz, 1985; Wohletz, 1987; 
Dellino and La Volpe, 1995, 1996; Zimanowski et al., 1997b; Burnard, 1999; Büttner et al., 
2002). A summary of the characteristic ash morphologies produced by different fragmentation 
mechanisms is given in Table 5.1. 
As shown in Chapter 2, no lava flows were observed on the flanks of the Poseidic 
northern and southern cones (NC and SC), which is evidence against the fragments having 
been produced by autobrecciation (Fisher, 1961, 1966). As shown in Chapters 3 and 4, the 
Poseidic magmas were highly vesicular (by submarine standards) at the time of fragmentation, 
with vesicles produced by strongly volatile-coupled degassing. This argues against magmatic 
fragmentation of a vulcanian style, which requires a decoupled volatile phase (Minakami, 
1950; Self et al., 1979), because all the exsolved volatiles in the NC and SC melts were shown 
in Chapter 4 (see Fig. 4.11) to have directly entered small, mechanically coupled vesicles 
preserved in the ejecta. Henceforth in this chapter, the term “magmatic fragmentation” refers to 
vesicularity-driven processes, and the primary goal is to assess if fragmentation was driven by 
vesicle growth at the NC and SC. 
Magmatic fragmentation, thus limited, typically produces ragged particles with shapes 
defined by what were the walls of pre-existing vesicles (Heiken, 1972; Heiken and Wohletz, 
1985; Alidibirov and Dingwell, 1996; Papale, 1999; Zhang, 1999; Namiki and Manga, 2008). 
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Quench granulation typically produces blocky, platey fragments (Heiken, 1972; Honnorez and 
Kirst, 1975; Heiken and Wohletz, 1985; Alidibirov and Dingwell, 1996; Burnard, 1999; Papale, 
1999; Zhang, 1999; Büttner et al., 2002; Namiki and Manga, 2008). MFCI typically produce 
two types of particles, both in natural phreatomagmatic deposits (Dellino and La Volpe, 1996; 
Büttner et al., 2002) and in laboratory experiments (Zimanowski et al., 1991, 1997b; Büttner et 
al., 1999, 2002). The particles can be linked to the specific phases of the MFCI in which they 
are produced (Zimanowski et al., 1997b). (1) Blocky, brittle-fragmented particles with stepped 
surface features, adhering microparticles, and cracked/ pitted surfaces are “active particles” 
(Büttner et al., 2002) formed during the thermohydraulic explosive phase of the MFCI. This 
type of particle is diagnostic of thermohydraulic explosions, and if present in a deposit, provide 
proof of some form of MFCI, even if not sustained. (2) Spherical, droplet-like particles and 
elongate particles including fibres of Pele’s hair, are “passive particles” (Zimanowski et al., 
1997b), formed by ductile response to surface tension, or stretching by shear on free-air transport 
trajectories during the expansion phase of the MFCI. These particles are non-diagnostic of 
MFCI, and resemble some particles formed in fire fountains. 
 Recent studies have focused on quantifying particle shapes and surface features, to 
allow more robust comparisons. This has been done through comparison of experimentally 
produced particles and natural particles from well-characterized natural deposits of equivalent 
composition. One approach has parameterized the outline shape of particles to discriminate 
between those that are primary versus reworked, and to identify particles formed in different 
phases of MFCI (Dellino and La Volpe, 1995, 1996; Büttner et al., 2002). A more mathematical 
approach to analyzing the shape of ash has utilized the fractal dimension of particles (Dellino 
and Liotino, 2002; Maria and Carey, 2002, 2007; Scasso and Carey, 2005), but this technique 
has been reported in some cases to be less discriminatory than using shape parameters alone 
(Dellino and Liotino, 2002). The roughness of ash surfaces has also been quantified using 
gradient analysis on SEM images to compare ash produced by Vulcanian and phreatomagmatic 
eruptions, with initial results showing that they can be discriminated from each other (Esroy et 
al., 2007).
 In this chapter, fine ash particles from the Poseidic cones are examined and compared 
against particles from two end-member deposits of similar composition. Ash particles from the 
Kīlauea Iki 1959 fire fountains formed by end-member magmatic fragmentation. The Kīlauea 
Iki 1959 eruption is the type example of dry, Hawaiian fire fountaining, with no external water 
involved (Houghton and Gonnermann, 2008). Very little ash was produced during the eruption, 
but inertial fragmentation (Namiki and Manga, 2008) is inferred to have dominated the breakup 
of the Kīlauea Iki magma (Houghton and Gonnermann, 2008). Ash particles from sample 163-
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1-A (see Table 3.1 and Fig. 1.5), collected at Lō`ihi during the 2006 dive series, are used as 
the end-member for hydromagmatic fragmentation. Sample 163-1-A was collected from a flat-
lying area in the western summit plateau region. Its source is not known: there is no apparent 
vent structure, or positive-relief landform in the immediate vicinity, nor are there any upslope 
lava flow termini that could have autobrecciated to form the 163-1-A clastic material. The 
fragmentation of 163-1-A may or may not have been explosive, and it is only inferred to have 
been hydromagmatic. What is certain is that fragmentation of the 163-1-A melt was not driven 
by vesicle growth, because lapilli from the sample are almost completely nonvesicular (see 
Appendix A for density measurements on lapilli). Henceforth, the Kīlauea Iki particles are 
referred to as “magmatic” and the 163-1-A particles as “hydromagmatic”, but more accurately, 











Strain-rate brittle silicic angular, vesicular Papale, 1999
Stress/ Overpressure brittle silicic
angular, crystalline, 
vesicular




Namiki and Manga, 2008
Hydromagmatic





blocky, cuspate, limu 
o Pele
Mattox and Mangan, 1997; Maicher and White, 2001; 




blocky, stepped ± pitted 
surfaces
Zimanowski et al., 1997b; Büttner et al., 1999
MFCI: Expansion 
phase (subaerial)
ductile basaltic droplike, pele’s hair Zimanowski et al., 1997b
Table 5.1. Fragmentation mechanisms and particle morphology.
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5.2. Methods
 Ash grains from the 3.0-2.5 Φ (125-249 μm) sieve fraction were sprinkled on double-
sided tape, carbon coated, and then examined under the scanning electron microscope (SEM). 
A mosaic of SEM images at 40x magnification were collected across each mounted sample, 
with individual grains then numbered and identified. Qualitative observations of the shape and 
surface characteristics were made from the SEM images, with higher magnification images 
taken where necessary to examine surface features in detail. 
 After qualitative observation, the outline shapes of randomly selected grains were 
converted to binary images as in Fig. 5.1 in Photoshop® (routine given in Appendix D.1) with 
illustrated quantities measured using a purpose-written batch routine for Matlab® (Appendix 
D.2). Raw measurements were combined to produce the following non-dimensional parameters, 
described and defined by Dellino and La Volpe (1996):
       (5.1)
       (5.2)
       (5.3)
       (5.4)
 Shape parameters for 80 Kīlauea Iki and 75 163-1-A particles were quantified to 
characterize the magmatic and hydromagmatic (as defined above) end-members, respectively. 
These are compared against 149 and 350 quantified particles from each of the NC and SC 
(selected results in Table 5.2, full results in Appendix D.3). 
A note of caution is required regarding the names of the shape parameters in Equations 
5.1-5.4. The names as defined by Dellino and LaVolpe (1996) have been kept for the sake of 
convention, but they do not accurately reflect the parameters that are actually being measured. 
For example, “circularity” is effectively the measure of particle outline irregularity, not 
necessarily how closely a particle’s outline resembles a circle. In the following sections, the 
names are used to refer to the different parameters, but should be considered non-descriptive.




 Kīlauea Iki particles, interpreted to have been produced by inertial magmatic 
fragmentation (Houghton and Gonnermann, 2008; Namiki and Manga, 2008), have features 
defined largely by the vesicles that were in the melt prior to fragmentation (Fig. 5.2). These 
“vesicle wall” textures (Heiken, 1972; Heiken and Wohletz, 1985) are typical of magmatic 
fragmentation. Pele’s tears and hair, indicative of ductile melt deformation (Shimozuru, 1994) 
are common in the Kīlauea Iki deposits (Houghton and Gonnermann, 2008), but are not 
represented in the fine ash (<125 μm) fraction. The failed “plateau borders”, the thickened 
domains of glass between vesicles (Mangan and Cashman, 1996), appear jagged, suggesting 
failure in a brittle regime.   
 Fine ash particles from hydromagmatic sample 163-1-A are typically blocky, with 
shapes defined by fracture surfaces rather than vesicle walls (Fig. 5.3). All particles show 
features consistent with hydromagmatic fragmentation (Heiken, 1972; Heiken and Wohletz, 
1985). Some of the 163-1-A particles have stepped surface features (Fig. 5.3A,C,E,F,I,J) 
indicative of high-rate brittle fragmentation during the thermohydraulic explosion phase of 
MFCI (Zimanowski et al., 1997b; Büttner et al., 1999, 2002). Platey shapes (Fig. 5.3D,G) are 
typical of quench granulation (Honnorez and Kirst, 1975; Büttner et al., 1999, 2002). Rare 
particles show hydration cracking (Fig. 5.3B), indicative of rapid chilling of hot particles by 
cold water (Dellino and La Volpe, 1996; Büttner et al., 1999). Rare, “mossy” particles (Fig. 
5.3K) are attributed to partial melt annealing following MFCI. Vesicles are very rare in the 
Fig. 5.1. Binary image of an ash grain.
Quantities used in particle shape analysis (Equations 9.1-
9.4) are illustrated.
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163-1-A particles, but occasionally influence particle outline shape (Fig. 5.3L). Even in 
this case, however, the vesicle-defined particles exhibit surface features indicative of brittle 
hydromagmatic fragmentation. 
 Fine ash particles from the Poseidic cones (Figs. 5.4-5.5) show a greater variety of 
particle morphology than either the Kīlauean or 163-1-A end members, but the morphologies of 
most grains are indicative of brittle, hydromagmatic fragmentation. NC ash is most commonly 
in the blocky shapes indicative of brittle fragmentation (Fig. 5.4A-F,J,K), with only occasional 
elongate grains suggestive of ductile elongation (Fig. 5.4G,I; although note that the most 
elongate grains are missing from the examined size fraction, even for the Kīlauea Iki sample). 
Many NC ash particles have surface features including step fractures, and/or extensive surface 
pitting, indicative of thermohydraulic explosions. Rare NC grains have hydration cracks (Fig. 
5.4J). Some NC grains have outline shapes that are controlled by pre-existing vesicles in the 
melt (Fig. 5.4H,L). This influences the particle outline shape, but these particles still bear surface 
features indicative of hydromagmatic fragmentation. SC ash grains are generally similar to 
those from the NC, except with slightly higher proportions of platey particles similar to those 
formed by quench granulation (Fig. 5.5D,E), and also a slightly higher proportion of vesicle-
wall particles (Fig. 5.5I,L).   
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Fig. 5.2. Characteristic Kīlauea Iki fine ash.
Particles are vesicular, with ragged shapes defined by failed plateau borders and vesicle walls. Shape factors for 
particles A-L given in Table 5.1. 
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Fig. 5.3. Characteristic 163-1-A fine ash.
All particles have blocky shapes that indicate brittle hydromagmatic fragmentation of avesicular melt. Shape fac-
tors for particles A-L given in Table 5.1.  
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Fig. 5.4. Northern cone fine ash.
Most particles bear a textural signature of hydromagmatic fragmentation. Shape factors for particles A-L given in 
Table 5.1.   
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Fig. 5.5. Southern cone fine ash.
Most particles bear a textural signature of hydromagmatic fragmentation. Shape factors for particles A-L given in 
Table 5.1.   
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5.3.2. Quantitative results
 Results of the quantitative shape analyses for grains pictured in Figs. 5.2-5.5 are given in 
Table 5.2, with histograms of all analyses shown in Fig. 5.6. Histograms provide an opportunity 
to assess which of the shape parameters circularity, compactness, rectangularity, and elongation 
are most discriminating for particles formed by magmatic or hydromagmatic fragmentation.
 The Kīlauea Iki particles are broadly distributed on the circularity histogram (Fig. 5.6). 
The hydromagmatic 163-1-A shows a single (but broad) modal peak that is skewed toward 
lower values, and circularity lower than that of the magmatic particles. Circularity can be used 
to discriminate effectively between the Kīlauean particles and the 163-1-A particles: 90% of the 
Kīlauea particles have circularity >1.6, while 91% of 163-1-A particles have circularity <1.6. 
Circularity is sensitive to the irregularity of the particle outline, so that higher circularity in the 
Kīlauean ash reflects the qualitatively observed ragged shapes defined by vesicles and plateau 
borders. NC and SC particles have strong, and equivalent modes and Gaussian distributions. 
Modes are in the hydromagmatic circularity range, with shoulders extending into the magmatic 
range.
 Compactness also discriminates magmatic from hydromagmatic particles, with 75% of 
Kīlauean magmatic particles having compactness <0.65, and 92% of 163-1-A hydromagmatic 
particles having compactness >0.65. Compactness is sensitive to how closely a particle’s outline 
defines a quadrilateral, so that blocky particles have higher compactness values. Kīlauean ash 
show a modal compactness distribution that extends slightly across the 0.65 boundary, but 
the 163-1-A particles show a narrow and unimodal distribution at high (>0.65) compactness. 
Poseidic cone particles again show Gaussian compactness distributions; modal peaks are 
coincident with the 0.65 division. 
 Rectangularity is not dissimilar to circularity in that it is sensitive to the irregularity of 
a particle’s outline. Thus, it can also be used effectively to differentiate between the products 
of magmatic and hydromagmatic fragmentation. The Kīlauea Iki rectangularity histogram is 
bimodal, but 83% of the particles have rectangularity >1.0. The 163-1-A rectangularity histogram 
is strongly unimodal, and 87% of the particles have rectangularity <1.0 (Fig. 5.6). NC and 
SC rectangularity histograms are again unimodal, with Gaussian rectangularity distributions 
shifted preferentially to the <1.0 hydromagmatic range. 
 Elongation is sensitive to the aspect ratio of a particle, and the results indicate that it is the 
least discriminating shape factor calculated. The Kīlauea Iki and 163-1-A particles both show 
broad elongation histograms, with significant overlap in the range 2.0-3.5. A greater proportion 
of the magmatic Kīlauea particles are elongate (elongation >3.5), while hydromagmatic 163-
1-A particles extend into the less elongate range (elongation <2.0). NC and SC particles have 
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Gaussian distributions with peaks that fall within the range of magmatic/hydromagmatic 
uncertainty, although they are shifted slightly toward the low-elongation, hydromagmatic end 
of the spectrum.   
Figure Grain Circ. Comp. Rect. Elong. Classification* Figure GrainCirc. Comp. Rect. Elong. Classification*










A 1.24 0.64 0.88 1.96 hyd
B 1.99 0.48 1.21 3.48 mag B 1.26 0.62 0.88 1.83 hyd
C 1.58 0.69 1.16 1.66 mag C 1.39 0.62 0.94 2.82 hyd
D 1.66 0.58 1.11 3.10 mag D 1.36 0.65 0.96 1.96 hyd
E 2.29 0.44 1.35 3.87 mag E 1.44 0.66 0.99 2.90 hyd
F 1.91 0.55 1.24 3.77 mag F 1.51 0.64 0.97 3.97 hyd
G 2.12 0.46 1.26 4.50 mag G 1.57 0.50 0.90 4.69 hyd
H 1.99 0.47 1.15 4.95 mag H 1.80 0.52 1.14 2.48 mag
I 2.06 0.47 1.23 3.98 mag I 1.56 0.61 1.02 2.95 mag
J 1.94 0.46 1.16 3.12 mag J 1.67 0.42 0.93 3.75 mag
K 1.96 0.54 1.24 4.17 mag K 1.65 0.58 1.07 3.16 mag











A 1.35 0.65 0.95 1.82 hyd
B 1.23 0.77 0.94 1.94 hyd B 1.26 0.71 0.91 2.42 hyd
C 1.40 0.64 0.98 2.53 hyd C 1.25 0.73 0.91 2.40 hyd
D 1.59 0.67 1.01 4.47 hyd D 1.51 0.63 0.97 3.56 hyd
E 1.38 0.68 0.97 2.77 hyd E 1.28 0.60 0.88 2.00 hyd
F 1.30 0.64 0.90 2.93 hyd F 1.35 0.61 0.93 2.06 hyd
G 1.56 0.63 1.00 4.35 hyd G 1.29 0.62 0.87 2.71 hyd
H 1.46 0.76 1.05 3.27 hyd H 1.43 0.55 0.93 2.60 hyd
I 1.21 0.72 0.89 2.02 hyd I 1.57 0.59 1.06 2.59 mag
J 1.49 0.57 0.97 3.25 hyd J 1.50 0.58 1.01 2.38 mag
K 1.41 0.72 1.04 2.48 mag K 1.61 0.63 1.12 2.42 mag
L 1.65 0.73 1.23 2.62 mag L 1.64 0.57 1.01 3.78 mag
Table 5.2. Selected shape parameters of ash grains.
Fig. and grain refer to grains pictured in Figs. 5.2-5.5. Parameters calculated with equations 
5.1-5.4. Classification determined with Equation 5.5.
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Fig. 5.6. Histograms of ash particle shape factors.
Kīlauea Iki histograms provide the end-member for magmatic fragmentation, 163-1-A provides the end-member 
for hydromagmatic fragmentation, and northern and southern cones shown for comparison. Magmatic (Mag.) and 
hydromagmatic (Hyd.) divisions shown as dotted lines, and determined directly from examination of the histo-
grams.
103
Part 2 Poseidic Scoria Cones
5.4. Interpretation of Poseidic ash morphology
5.4.1. Interpretation of qualitative features
Despite the general appearance and textural similarity of larger clasts in the lapilli size 
range from the Lō`ihi Poseidic cones and Kīlauea Iki (see Chapter 3), which are non-diagnostic 
of fragmentation mechanism, the smaller, ash, particles are remarkably different. Fine ash 
grains from the NC and SC are more similar to those from sample 163-1-A, which is taken here 
as a purely hydromagmatic end-member. This suggests that breakup of the NC and SC magmas 
was predominantly hydromagmatic.
In both Poseidic cone deposits, a significant proportion of the fine ash particles have 
well-developed stepped surfaces, pitting, and adhering microparticles, and are thus interpreted 
to be “active” particles (Zimanowski et al., 1997b; Büttner et al., 1999), formed during brittle 
fracturing of melt in the thermohydraulic phase of some sort of MFCI. Blocky northern and 
southern cone particles that lack these characteristic surface features may have formed during 
subsequent quench granulation. 
The NC and SC ash populations do not contain a significant proportion of the droplet and 
elongate, “passive” particles that are found along with active particles in subaerial performed 
MFCI experiments (Zimanowski et al., 1997b; Büttner et al., 1999). It is unclear whether ductile 
particles did not form during the Poseidic eruptions, or if they are simply not represented in the 
fine grain size examined, just as Pele’s hair and tears are abundant in the Kīlauea Iki deposits 
but are not represented in the fine ash. Formation of ductile particles might be inhibited at 
submarine Poseidic vents, because domains of melt ejected during an MFCI will move through 
water rather than air on trajectories significantly truncated by the water’s comparative high 
viscosity. Pele’s hair has, however, been recovered from several volcaniclastic deposits on 
Lō`ihi (Clague et al., 2003a), including one examined in the current study (see Part 4), so this 
cannot be the primary reason for their absence from the samples under discussion here. 
The NC and SC particles that are most similar to Kīlauean particles are vesicular, with 
somewhat ragged shapes, although not as ragged as the Kīlauean particles. These may have 
formed in an inertial process, or simply by one of the hydromagmatic processes acting on 
vesicular portions of melt.
 
5.4.2. Interpretation of shape factors
The original applications of the shape factors described in section 5.2 were first to 
differentiate between fragmentation and transport processes in natural phreatomagmatic 
deposits (Dellino and La Volpe, 1995, 1996), and then to differentiate between particles formed 
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during different phases of MFCI (Büttner et al., 2002). Büttner et al. (2002) combined the 
shape factors by plotting the product of rectangularity and compactness against the product of 
circularity and elongation, with the result showing ductile and brittle particles in distinct fields. 
A similar combination of shape factors (not shown) is non-discriminating for the Kīlauea Iki, 
163-1-A, and Poseidic ash particles. This may be a consequence of the fact that very few of the 
Lō`ihi particles appear to have formed in a ductile regime. 
A slightly different combination of the shape factors, the product of compactness 
and elongation against the product of circularity and rectangularity, can however, be used to 
discriminate between Lō`ihi’s magmatic and hydromagmatic particle populations (Fig. 5.7). 
Combining compactness with elongation in a single factor highlights differences in the overall 
outline shape of the particles (although elongation in this case makes a small contribution to the 
discrimination of different particle types); combining circularity with rectangularity highlights 
the relative outline irregularity of the particles. In Fig. 5.7, the “magmatic” field ultimately 
captures those particles for which pre-existing vesicles have dominated the final outline shape of 
the particles, and the “hydromagmatic” field captures those particles in which melt vesicularity 
has not influenced particle shape.  
 Kīlauea Iki magmatic ash and 163-1-A hydromagmatic ash plot in distinctive fields in 
Fig. 5.7, divided by a linear boundary described by:
 (5.5)
 The absolute value of this relationship has no physical meaning, but it robustly describes 
the division between magmatic (Kīlauea Iki: 93% certainty for 80 particles) and hydromagmatic 
(163-1-A: 92% certainty for 75 particles) ash. The shape parameters do not, however, 
discriminate between subtypes of magmatic or hydromagmatic fragmentation (e.g., stress vs. 
inertial criterion, or quench granulation vs. thermohydraulic explosion). These distinctions (at 
least for the hydromagmatic case) are revealed in the qualitative evaluation of surface features 
that are too small to be captured by the image analysis.
 Poseidic ash particles from the northern and southern cones plot on either side of the 
hydromagmatic-magmatic division, but are skewed toward the hydromagmatic. NC and SC ash 
particles are 69% and 66% hydromagmatic, for 149 and 350 measured particles, respectively. 
As previously stated, the “magmatic” mechanisms being tested for here can be generally 
classified as “processes controlled by vesiculation”. Conversely, hydromagmatic fragmentation 
mechanisms may break up magma regardless of whether or not it is vesiculated, although if 
bubbles are present in the melt they will influence the fragmentation. The influence may or 
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Fig. 5.7. Distinguishing fragmentation styles 
using shape factors.
Top panel shows shape parameters for Kīlauea 
Iki magmatic, and 163-1-A hydromagmatic par-
ticles, with best-fit linear dividing line. North-
ern (NC) and southern (SC) cone particles are 
shown separately in middle and bottom panels, 
respectively.
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may not be constructive: on one hand, less melt needs to actually fail for a bubbly melt to 
break up, as demonstrated by some laboratory experiments (Trigila et al., 2007); on the other 
hand, the volatile fluids in bubbles will have lower sound speed than in the melt itself, and will 
thus dampen the propagation of shock waves (Alidibirov and Dingwell, 2000). The specific 
process by which the “magmatic looking” particles in the NC and SC deposits formed remains 
somewhat unresolved. They may indicate some magmatic process of fragmentation, but more 
likely they are hydromagmatic: either active particles formed by thermohydraulic explosion of 
vesicular portions of melt, or passive particles, fragmented by the propagation of shock waves 
away from thermohydraulic explosion loci during MFCI. 
5.5. Discussion of Poseidic fragmentation
5.5.1. MFCI in Poseidic eruptions
It is the presence of active particles in the ash fraction of the NC and SC deposits that is of 
critical significance for determining how the magmas fragmented. Thermohydraulic explosion 
is by far the most efficient and energetic fragmentation mechanism known for volcanic systems 
(Zimanowski et al., 2003). Even a small proportion (<10%) of active particles in the deposit 
represents the majority of thermal-to-mechanical energy transfer that occurred (Zimanowski 
et al., 2003). From a fragmentation energy perspective, accompanying quench granulation, 
inertial magmatic fragmentation, stretching and deformation of melt ejected away from the 
interaction sites of thermohydraulic explosions would all be relatively passive processes, and 
would make negligible contributions to the vigour of the eruptions. It is purposeful in this work, 
that active particles in the Poseidic deposits are linked to “thermohydraulic explosions” and 
not to “MFCI,” per se, since the deposits are relatively coarse, and do not appear to have been 
fragmented by fully self-sustained MFCI cycles.
The effects of high hydrostatic pressure on MFCI are still largely unknown, and subject 
to debate. Based on nearly twenty years of experimental work, Zimanowski and Büttner consider 
MFCI to be unlikely below ~100 mbsl, and improbable below ~1000 mbsl (Zimanowski and 
Büttner, 2003), because the stability of film boiling decreases with increasing pressure (Dhir and 
Purohit, 1978; Dhir, 1998; Zimanowski and Büttner, 2003; Mastin, 2007), hindering efficient 
premixing (Zimanowski et al., 1997a). Alternatively, Wohletz (2003) presented results of a 
limited number of MFCI analogue experiments performed at high pressure (above the ~23 
MPa critical pressure of water). His results indicate that in high pressure experiments, MFCI 
occur less often than they do in experiments at atmospheric pressure, but when they do, they 
are considerably more energetic. Based on these results and thermodynamic considerations, 
Wohletz (2003) suggested that supercritical water could also form films that oscillate to impart 
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kinetic energy to melt, and cause thermohydraulic fragmentation. He suggested that the most 
important factor in determining explosivity was the effective magma-water mass ratio, the 
explosive range of which becomes more restricted at higher pressure. 
While there is no consensus on the effects of high pressure on MFCI, with some work 
suggesting that hydrostatic pressure would preclude them at the ~1 km deep NC and SC vents 
(Zimanowski and Büttner, 2003), and other work suggesting that given the right interaction 
geometries, they would not only be possible, but particularly vigorous, the active particles 
that are common in the fine ash fraction of the Poseidic deposits strongly suggest that some 
form of MFCI-like thermohydraulic explosions played a dominant role in fragmentation. 
The hypothesis developed below, is that MFCI initiation at the > 1 km deep Poseidic cones 
was the result of some form of “magmatic trigger”. The recent Austin-Erickson et al. (2008) 
experiments demonstrated that MFCI could be induced without a hydrodynamic premix phase, 
when rhyolite melt was deformed and mechanically cracked along the melt-water interface. 
Water then penetrated the newly formed cracks, and proceeded to induce non-sustained 
thermohydraulic explosions.  The hypothesis presented here stretches the implications of the 
Austin-Erickson (2008) results to suggest that premixing need not occur if there is a magmatic 
trigger by which hot melt is brought into direct contact with water. 
Only a few experiments have been designed to investigate the effect of melt vesicularity 
on MFCI (Trigila et al., 2007).  Initial results of these experiments, which the authors describe 
as “exploratory,” indicate that MFCI are initiated far more readily when the interacting melt is 
vesicular. Trigila et al. (2007) suggest that when vesicular melts are brought into contact with 
water, the premixing phase is facilitated by flow of water into the porous structure of the melt, 
although vesicle textures in the NC and SC scoria do not indicate that the magmas would have 
been permeable, so porous premixing as described is unlikely.  An alternative possibility for a 
magmatic trigger to Poseidic MFCI is suggested by experiments on the physical response of 
bubbly melts to decompression (Namiki and Manga, 2005). These have shown that melts with 
low vesicularity, and/or melts subjected to low pressure differentials that are insufficient to meet 
the overpressure criterion (McBirney and Murase, 1970; Zhang, 1999; Spieler et al., 2004) for 
magmatic fragmentation (the inability of this criterion to fully explain observed pyroclasts in 
any deposit notwithstanding), can deform or partially rupture without completely fragmenting 
it (Namiki and Manga, 2005). If these, or other such dynamic physical perturbations were 
happening in the NC and SC melts as they were exiting their respective vents, they could have 
provided the magmatic trigger necessary to initiate localized, non-sustained MFCI.
Note that the NC and SC deposits contain pyroclasts of many sizes, ranging up to ~40 
cm bombs, indicating that not all the erupted melt was subjected to efficient thermohydraulic 
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fragmentation. These passive particles in the Poseidic cones may have formed by a variety 
of specific mechanisms, but all were likely enhanced by, or were consequences of, the 
thermohydraulic explosions. Initial in-conduit weakening of the melt due to magma vesiculation 
and rapid acceleration would have been amplified into wholesale fragmentation by the additional 
mechanical energy released from the localized thermohydraulic explosions that created the active 
particles. This would have proceeded by a combination of direct shock effects, accelerations 
away from explosion sites, and hydrofracturing by steam or water driven through the magma 
(Austin-Erickson et al., 2008). Fragmentation may have been followed either by secondary 
hydromagmatic quench granulation, by inertial breakup, or by fluid reshaping and quenching 
of particles in water which prevented welding after deposition.
5.5.2. Truly explosive Poseidic eruptions
 The designation of subaerial basaltic Hawaiian, Strombolian, and Plinian eruptions as 
“explosive” is somewhat of a misnomer, since the inertial breakup of rapidly ejected, highly 
vesicular melt is not accompanied by any of the shock waves or instantaneous kinetic energy 
release that characterizes true “explosions.” Thermohydraulic explosions are accompanied by 
the instantaneous release of significant amounts of kinetic energy (Büttner and Zimanowski, 
1998; Büttner et al., 2002, 2005). Evidence for thermohydraulic explosions as the primary 
fragmentation mechanism at the Poseidic cones indicates that the eruptions are truly “explosive,” 
even by non-volcanological definitions of what an “explosion” entails. 
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Chapter 6. Supersonic Poseidic explosivity
6.1. Introduction
 This chapter serves as a discussion piece, exploring the potential for supersonic discharge 
of magma from Poseidic vents, and evaluating the volcanological consequences of such a 
scenario. The concept of supersonic fluid flow has been extensively studied in engineering 
nozzle design (e.g., Adamson and Nicholls, 1959), and may in some circumstances be applicable 
to volcanic systems (Kieffer, 1977, 1989; Valentine and Wohletz, 1989; Wohletz and Valentine, 
1990; Woods and Bower, 1995; Ogden et al., 2008a, 2008b).
6.1.1. Rationale
 When an “overpressured” fluid- one with internal pressure greater than ambient pressure 
at the nozzle- flows supersonically into a surrounding ambient fluid, it is subject to strong, non-
linear decompression at the nozzle exit. A supersonic flow is defined as one with Mach number 
(M) >1, where M=velocity of fluid/sound speed in surrounding medium.
Laboratory studies and numerical models have demonstrated that if an overpressured 
fluid jets into an ambient fluid at supersonic velocities, there will be a rapid expansion in the 
zone between the vent and a “Mach disk” (Fig. 6.1). A Mach disk is a standing shock wave 
across which flow parameters (e.g., velocity, pressure) rapidly change. Several mach disks may 
form in a flow, depending on the exit conditions and the height of these disks above the vent is 
a function of fluid overpressure and the Mach number of the jet. A rapid expansion zone exists 
between the vent and the first Mach disk, in which the pressure of the jetting fluid drops from 
vent pressure, to below the ambient pressure, before suddenly rising again to ambient pressure 
as the flow crosses the Mach disk (Adamson and Nicholls, 1959). This phenomenon has been 
examined for volcanic jets (Kieffer, 1989; Valentine and Wohletz, 1989; Wohletz and Valentine, 
1990; Ogden et al., 2008a, 2008b); but the theory is generally only applied to intense, high-
discharge rate Plinian eruptions, where overpressure and supersonic flow largely determine if 
eruption columns will collapse, or will become buoyant (Wohletz and Valentine, 1990). 
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Fig. 6.1. The mach disk structure of supersonic eruption.
Schematic diagram showing the location of the mach disk above the vent, with the relative flow velocities ex-
pressed as mach number (M), and pressure within the magma. Po=initial pressure in magma, Phyd=ambient hydro-
static pressure. Schematic pressure profile shows the supersonic “barrel-shock” effect between the vent and the 
mach disk, which may make the erupted magma briefly “see” lower than ambient hydrostatic pressures. Magni-
tudes of ∆Psub and ∆Psuper represent the instantaneous pressure drop felt by the magma upon exiting from the vent 
for the subsonic and supersonic cases, respectively. Modified from Ogden et al. (2008a). 
Fig. 6.2. Sound speed in steam+water mixtures in 
thermodynamic equilibrium
Sound speed shown as a function of the mass fraction 
of steam in the mixture at different pressures as indi-
cated. Modified from Kieffer (1977).
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6.1.2. Requirement 1 - Magma Overpressure
Overpressured vesicles are defined as having internal fluid pressure higher than the 
surrounding magma pressure. They can develop during magma ascent, due to viscous resistance 
of the melt to bubble expansion, if there is insufficient time for melt relaxation or development 
of extensive permeable outgassing (McBirney and Murase, 1970; Zhang, 1999; Lensky et al., 
2001; Melnik et al., 2005). This effect may be highly heterogeneous, enhanced by microlite 
growth (e.g., Sable et al., 2006), or by preferential dehydration in the melt directly surrounding 
vesicles (Lensky et al., 2001). Viscous heterogeneity is most pronounced in melts with low 
volatile concentrations, since it is under these conditions that the effect of volatile content on 
melt viscosity is strongest (Massol and Jaupart, 1999). 
An overpressured conduit is defined as having magma pressure at the vent level 
exceeding the surrounding ambient pressure (Melnik et al., 2005), which in the case of vents 
on Lō`ihi’s summit plateau, will be the hydrostatic pressure of approximately ~10 MPa. A 
pressure differential between the (arbitrary) “source” and vent in a conduit, which is in excess 
of lithostatic pressure and viscous flow resistance, is required in order for magma to erupt at 
the surface. Conduit overpressure usually reaches a maximum at the vent level, since magma 
acceleration, decompression, and degassing, all of which contribute to overpressure, reach 
maxima just below the vent level (Sparks, 2003). Overpressure in the range of 10-30 MPa 
can lead to quiet effusion of lava flows (Stasiuk and Jaupart, 1997), with higher overpressure 
leading to more vigorous, or explosive eruptions (Sparks, 2003). 
6.1.3. Requirement 2 – Supersonic ejection
The speed of sound in air is ~320 m/s, but in seawater is  ~1500 m/s, which compared to 
even the most intense, basaltic Plinian eruption velocities of a few hundreds of metres per second 
(Wilson, 1980), seems immediately to preclude the possibility of a submarine eruption becoming 
supersonic. However, Kieffer (1977) demonstrated that the speed of sound in multiphase or 
multicomponent mixture deviates significantly from that of any of the pure phases themselves. 
Specifically, it was shown that a mixture of water and steam could have sound speeds as low as 
1 m/s at atmospheric pressure, due to the compressibility introduced to the system by the steam 
(Fig. 6.2). The introduction of suspended particles may also serve to suppress the sound speed 
(Valentine, 1998). Were there a seawater+steam+/-particle mixture generated in the vicinity of 
a submarine vent, the local sound speed of the multicomponent mixture could be sufficiently 
suppressed to allow even modest magma ejection velocities to become supersonic, and hence 




The ascents of the northern and southern cone (NC and SC) magmas were modeled 
using the CONFLOW program (Mastin and Ghiorso, 2000). The model assumes a vertical 
conduit with circular cross-section. Model conditions and results are given in Table 6.1. Ascent 
of the NC and SC was modeled by setting the initial pressure at depth, taken as the saturation 
pressure of the glass inclusion entrapped at the onset of strong H2O degassing (see Chapter 4), 
the vent pressure, and the initial conduit diameter. The program then calculated the conduit 
profile required to maintain the pressure differential specified. CONFLOW only accounts for the 
influence of H2O (not CO2) exsolution, but this is considered to be a reasonable approximation 
given the strong dependence of NC and SC vesiculation on volatile-coupled H2O exsolution.
Four cases for each deposit are presented, all for an initial pressure of 54 MPa. Runs 1-3 
(“hydrostatic”) demonstrate decompression to 10 MPa, the approximate hydrostatic pressure 
at the summit of Lō`ihi, for initial conduit diameters of 20, 50, and 100 m, respectively. Run 4 
(“atmospheric”) demonstrates decompression to atmospheric pressure, using an initial conduit 
diameter of 50 m.
6.3 Results
The results of CONFLOW conduit modeling (Mastin and Ghiorso, 2000) are given in 
Table 6.1, and shown in Fig. 6.3.
 NC hydrostatic Runs 1-2 accurately predict the syn-fragmentation vesicularity observed 
in lapilli (see Chapter 3), but hydrostatic Run 3, with initial conduit diameter of 100 m, 
underestimates the vesicularity. Runs 1-3 all predict exit velocities greater than the sound speed 
in a water/steam mixture widely varying mass fractions of steam (10-5 to 10-2 wt.%; Fig. 6.2), 
at 10 MPa. This suggests that the NC magma may have ascended sufficiently quickly to enter 
a supersonic flow regime. If the NC melt had been able to decompress to atmospheric pressure 
(Run 4), the vesicularity is predicted to have reached reticulite levels (>90%) (Cashman and 
Mangan, 1994), with flow velocities > 250 m/s. Although vigorous, these flow velocities are 
still subsonic compared to the ~320 m/s sound speed in air.
SC hydrostatic Runs 1-3 all underestimate the erupted vesicularity (see Chapter 3). 
This may be a result of the fact that CO2 does contribute more strongly to the vesiculation 
of the SC melt than the NC melt (see Chapter 4), but the CONFLOW model only accounts 
for H2O (Mastin and Ghiorso, 2000). Runs 1-3 do, however, predict that the SC magma will 
achieve supersonic flow velocities compared to the water/steam mixture at 10 MPa (Fig. 6.2). 
Atmospheric Run 4 for the SC melt is similar to that for the NC, predicting vesicularity >90%, 
but subsonic (relative to ambient air) velocities.
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Magma comp. Avg. lapilli glass
Initial H2O 1.22 wt.%
Conduit geometry Pressure-defined
Magma density 2800 kg/m3
Northern cone
Initial P 54 MPa
Initial H2O 1.22 wt.%
Crystallinity 3%
1
Final P 10 MPa
Initial conduit diameter 20 m
2
Final P 10 MPa
Initial conduit diameter 50 m
3
Final P 10 MPa
Initial conduit diameter 100 m
4
Final P 0.1 MPa
Initial conduit diameter 50 Mpa
Southern cone
Initial P 54 MPa
Initial H2O 0.77 wt.%
Crystallinity 15%
1
Final P 10 MPa
Initial conduit diameter 20 m
2
Final P 10 MPa
Initial conduit diameter 50 m
3
Final P 10 MPa
Initial conduit diameter 100 m
4
Final P 0.1 MPa
Initial conduit diameter 50 Mpa
Table 6.1 CONFLOW input parameters.
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Fig. 6.3. Results of CONFLOW modeling.
Vesicularity and velocity plotted as functions of 
pressure for each of the northern and southern 
cones. For each model run, pressure interval 
and initial conduit diameter are specified. For 
both deposits, an initial pressure of 54 MPa was 
chosen, corresponding to the Psat of the highest-
H2O inclusions from which water has exsolved 
during decompression (see Section 8.5). Four 
curves are shown for each deposit: three are 
calculated for decompression to the approxi-
mate Lō`ihi summit hydrostatic pressure (10 
MPa), with initial conduit diameters of 20, 50, 
and 100 m. The fourth is for decompression 
to atmospheric pressure (0.1 MPa) with initial 
conduit diameter of 50 m, demonstrating how 
flow parameters would be different if Lō`ihi was 
subaerial. CONFLOW model assumes that H2O 
is the only exsolving volatile species. Vertical 
dashed lines in vesicularity plots mark the in-
ferred syn-eruptive vesicularity (see Chapter 7) 
in each of the melts. Vertical dashed lines in ve-
locity plots mark the water/steam mixture sound 
speed under 10 MPa hydrostatic pressure, and 
thus the sonic boundary for the submarine case. 
Sound speed in air is ~320 m/s and is off the 
scale of plots. See text for discussion.
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6.4. Discussion of supersonic Poseidic eruptions
6.4.1. Supersonic potential vs. actuality
 It is important that the results of the conduit modeling presented in Fig. 6.3 are not 
simply taken at face value. There are many assumptions inherent in the calculations, and there 
are many complexities that cannot be resolved with any hard observational evidence from the 
Poseidic cones.
 The first degree of uncertainty arises from the inherent transience of any steam generated 
in the vent region. Steam that is generated as ambient seawater is superheated by magma in the 
upper conduit will quickly expand and disperse in the water column, whereas sound speed 
suppression in the vent region would require that steam was continually present in the area - 
although sound speed suppression holds over a large ranges in the mass fraction of steam that 
is present (Kieffer, 1977). Since the Lō`ihi vents are all well above the ~3 km critical depth 
of seawater (Bischoff and Rosenbauer, 1988), the continuous arrival of hot magma at the vent 
would ensure continuous generation and replenishment of large volumes of steam. This may 
not be applicable, for example, to the first arrival of the magmas at their respective vents, unless 
some seawater that penetrated the crust in the vicinity of the vents was superheated in the 
subsurface and was continually escaping in the vent region. Sound speed suppression in the vent 
may have been a transient phenomenon, with magma arrival oscillating between subsonic and 
supersonic flow regimes. This oscillation would mainly be a function of the presence of steam 
(e.g., the ambient sound speed), and could occur even if magma ejection velocity remained 
constant.  
 Significant uncertainty also remains in the degree to which the NC and SC conduits 
would have been overpressured. This is a requirement for the development of a mach disk flow 
structure, but cannot be proven from the available data. The strongly volatile-coupled ascent 
of the NC and SC magmas (see Chapter 4), along with the development of vesicles that were 
not significantly interconnected (see Chapter 3), and thus were not permeable to volatile-loss, 
suggests that the magma could have developed significant overpressure. For the case of these 
submarine vents, however, it is important to note that overpressure would need to be significant, 
in excess of the ~10 MPa ambient hydrostatic pressure, not just the ~0.1 MPa atmospheric 
pressure at subaerial vents.
 Vent geometry may also play a role in controlling the subsonic or supersonic ejection 
of magma. Woods and Bower (1995) numerically simulated the complex effects imposed on 
a sonic eruptive jet if there is a crater surrounding the vent. For low eruption rates, shock 
waves develop in the crater, recompressing the magma, and causing it to move into a subsonic 
flow regime. If eruption rates are high, the shock effects move to the top of the crater where 
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they serve to accelerate the jet into the supersonic regime. Eruption rates and vent geometry 
at the time of the NC and SC eruptions are unknown, so that this effect cannot be evaluated. 
It is noteworthy, however, that pyroclastic material had to have been ejected in jets that were 
sufficiently high (at least several 10s of metres) to disperse material around the northern and 
southern cones, and volatile saturation pressures of Poseidic lapilli (Chapter 4) suggest that 
vertical particle transport may have been in excess of 100 m.
 Further uncertainties are inherent in the application of the CONFLOW program (Mastin 
and Ghiorso, 2000). For the Poseidic cones, the most noteworthy assumptions are that only the 
effect of magmatic H2O, and not CO2, is accounted for by the model. Although the degassing 
paths of the magmas (see Chapter 4) are characterized by strong melt dehydration, the assumption 
that CO2 is not in the system does not allow the dehydration-assisting thermodynamic effect 
of coupled CO2 fluid to be accounted for, leading to underestimated eruptive vesicularities 
of the melts. Note that the exclusion of CO2 from degassing calculations would only serve 
to underestimate exit velocities (by underestimating the exsolution of H2O); however, in all 
modeled cases the predicted velocities easily achieve supersonic values. The other source of 
large uncertainty in the model lies in the selection of initial conduit diameters. These are not 
known, and having the program calculate vent geometry based solely on pressure relations may 
yield inaccurate results. Varying the initial conduit diameter by an order of magnitude (e.g., 
Runs 1-3) does not, however, significantly change the modeled exit vesicularities or velocities.
 The large and non-resolvable degrees of uncertainty outlined above preclude absolute 
certainty regarding whether or not the Poseidic magmas were erupted supersonically. The 
possibility does, however remain plausible, across a large range of modeled conditions.   
6.4.2. Implications for Poseidic eruptions
 A discussion of supersonic potential for the Poseidic cones is more than just an item of 
speculative interest. A Mach disk, “barrel shock” depressurization to below ambient hydrostatic 
pressure resulted from overpressured NC and SC melts erupting at supersonic velocities could 
partially explain some of the more enigmatic analytically-captured features of the Lō`ihi 
deposits.
 Firstly, as seen in the Chapter 3, the NC and SC lapilli retain H2O and CO2 concentrations 
that are in equilibrium at hydrostatic pressures significantly (100s of metres) shallower than the 
vent depths (see Table 4.6 and Fig. 4.12). In their theoretical prediction of submarine explosive 
eruption dynamics, Head and Wilson (2003) suggested the eruptive jets and plumes developed 
in even the most vigorous submarine basaltic eruptions would not be more than several 10s 
of metres high. As already presented, there is evidence that vesicle and microlite textures in 
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coarse lapilli continued evolving during transportation (see Chapter 3), and thermohydraulic 
explosions in-vent would serve to accelerate melt out of the conduit, lofting particles to 
higher than predicted by flow dynamics alone (see Chapter 5). Similarly, if the overpressured, 
supersonic condition was met in the vents, the formation of a mach disk could amplify these 
effects by inducing strong acceleration of the erupting jet in the rapid expansion zone (Fig. 6.1). 
Conversely, pressure rarefaction between the vent and the mach disk would result in some of the 
coarse fragments having briefly “seen” a lower than ambient hydrostatic pressure, and they need 
not have been lofted quite as high in the water column to have degassed to lower pressures. This 
may have a minor effect on residual volatile contents, however, because diffusion of volatiles 
out of the melt would likely be sluggish compared to the pace of changing pressure conditions.
 The second major effect that supersonic eruption would have would be in assisting 
molten fuel-coolant interaction (MFCI) fragmentation by providing a “magmatic trigger” (see 
Chapter 5). As seen in ash morphology from the NC and SC, there is no textural evidence to 
suggest that the magmas fragmented due to magmatic overpressure under the stress criterion 
(McBirney and Murase, 1970; Alidibirov, 1994; Alidibirov and Dingwell, 1996, 2000; Zhang, 
1999; Spieler et al., 2004). If the magmas exited the vent supersonically, suddenly accelerating 
and decompressing in the expansion zone upstream of the first Mach disk, they may have 
reacted to the rapid decompression by deforming, detaching from the conduit walls, and/or 
experiencing partial bubble wall rupture (Namiki and Manga, 2005). Any of these processes 
could assist in providing the geometry necessary for sudden direct contact of hot melt with 
ambient water, thus providing an essential trigger to MFCI initiation (Austin-Erickson et al., 
2008).
 The possibility and consequences of supersonic submarine eruptions at the NC and SC 
is given here as a discussion piece only. Currently there are myriad complexities to this process 
that cannot yet be resolved. The formulations and interpretations should be viewed as highly 
speculative, and supersonic flow is not included in the definition of Poseidic eruptions (see 
Chapter 7). If the NC and SC melts did erupt supersonically, however, the eruptions would have 
been extremely violent, with a combination of supersonic decompression and localized (MFCI) 
thermohydraulic explosions driving high eruption plumes.

119
Part 2 Poseidic Scoria Cones
Chapter 7. Summary of the Poseidic eruption style
 Details of two deep submarine scoria cones, the northern and southern cones (NC and 
SC), at ~1 km depth on Lō`ihi Seamount have been presented in Chapters 2 through 6. While 
each avenue of study yields valuable information about specific details of the deposits, the 
observations are here combined to define an end-member process of explosive subaqueous 
eruption, for which the name “Poseidic” eruption style is defined. The name follows from the 
recently coined “Neptunian” terminology given to the dispersal style and products of explosive 
submarine silicic eruptions (Allen and McPhie, 2009). Just as basalt precedes rhyolite in 
igneous differentiation, so too did the Greeks’ Poseidon precede the Roman’s Neptune, as the 
mythological ruler of the sea. 
 The influence of high hydrostatic pressure and effectively unlimited seawater at 
submarine volcanic vents renders direct comparison to classical subaerial eruption styles 
inappropriate. Dispersal, the depositional fingerprint of plume height, is a fundamental 
parameter by which subaerial explosive eruptions were originally classified (Walker, 1973), 
but this information is not available for any known submarine pyroclastic deposit. The other 
key classification parameter, proportion of fines in the deposit, cannot be compared between 
subaerial and subaqueous deposits because of the much greater sorting effects of water on 
the latter. More recent modifications to the subaerial classification scheme incorporate varying 
mechanisms of magma ascent and degassing (Wilson and Head, 1981; Vergniolle and Jaupart, 
1986; Parfitt, 2004; Houghton and Gonnermann, 2008), and on this basis most workers have 
surmised that deep submarine explosive eruptions are Strombolian in style (Clague et al., 2003b, 
2008; Davis and Clague, 2006; Sohn et al., 2008), driven by the accumulation and escape 
of volatiles at unknown rates, from magma bodies of unconstrained sizes, at indeterminate 
depths. Such scenarios are difficult, if not impossible, to test. In this sense, the Strombolian 
mechanism is convenient, because it is theoretically tenable, but the driving mechanism (the 
bursting of large, decoupled gas slugs) cannot be directly demonstrated from products of the 
eruptive process. The Poseidic eruption style, as defined below, is the first defined specifically 
for submarine explosive basaltic eruptions, and it is also the first eruption style, anywhere, 
defined in a way that allows its recognition entirely from measurable parameters of clasts in its 
deposits. This is of fundamental importance for submarine eruption style definition, because 
most deposits’ dispersal cannot be effectively mapped, and direct observations of other than the 
very smallest-scale submarine explosive eruptive activity (e.g., Chadwick et al., 2008) are not 
currently available, and may never be. Styles that can be defined using parameters determinable 
from the pyroclasts themselves, accompanied by some knowledge of deposit context, promise 
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a very practical approach to analysis of submarine eruptive products.
 The Poseidic eruption style can most simply be characterized as a “volatile-coupled, 
water-assisted” process. 
Volatile coupling involves the decompressive exsolution of magmatic volatiles directly 
into bubbles that remain mechanically coupled to the melt from which they grew. The bubbles 
themselves are free to grow by diffusion and decompression, and even to coalesce over short 
length-scales. Volatile coupling breaks down when bubbles become significantly interconnected 
so as to form permeable networks by which exsolved magmatic volatiles may be lost from the 
melt, or alternatively, if bubbles get large enough to buoyantly decouple from a surrounding, 
comparatively slowly ascending, melt. According to the rise speed dependent model of basaltic 
volcanism (Wilson and Head, 1981; Parfitt, 2004), volatile coupling is associated with faster 
magma ascent rates, and leads to Hawaiian fountaining, or Plinian eruptions, whereas volatile-
decoupling is associated with slower ascent rates, and leads to Strombolian, Vulcanisan, or 
effusive eruptions.
It was shown in Chapter 3 that the vesicle textures in Poseidic scoria represent that 
bubbles that were isolated, poorly-interconnected, and did not impart significant permeability 
to their respective magmas. This was shown by the similarity between vesicle populations in 
Hawaiian fire fountain scoria from Kīlauea Iki (1959) and the Poseidic scoria. It is essential to 
note, however, that subaerial Hawaiian eruptions are not unique in having volatiles that remain 
coupled during ascent, so that comparison of Poseidic and Hawaiian scoria only demonstrates a 
similarity in degassing and vesiculation style, but not necessarily eruption style. There is a critical 
difference imposed by hydrostatic pressure in the deep ocean. Magma at Kīlauea Volcano that 
loses the bulk of its CO2 by open-system degassing in a summit reservoir may still fountain due 
to volatile-coupled exsolution of magmatic H2O alone (Gerlach and Graeber, 1985). At Lō`ihi, 
however, coupled degassing of CO2 and H2O is required, from at least several km depth in the 
magmatic system.  This means that the conditions required for Poseidic eruptions are far more 
restrictive than those for Hawaiian, and that the factors controlling whether magma can erupt 
in Poseidic style are at play from considerable depth within the magmatic plumbing system.
Volatile coupling is the first requirement defined for Poseidic eruptions, and it ensures 
that batches of magma ascend relatively quickly, without significant periods of stagnation 
between storage and vent, leading to what would likely be vigorous arrival at the vents. The 
second condition for Poseidic eruption is “water assistance,” occurring near, or in, the vent, 
with the direct interaction of ascending magma and external water.
Interaction with external water of magmas ascending under volatile-coupled degassing 
conditions produces the expected quenching of particles, along with specific processes of 
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ejecta transport and dispersal, but the effects are farther-reaching than this. The presence of 
“active particles”, which are diagnostic of thermohydraulic explosions, implies that some 
form of non-sustained molten fuel-coolant interaction (MFCI) was the primary mechanism by 
which the Poseidic melts fragmented. Thermohydraulic explosions did not simply overprint 
otherwize fountaining magma; they occurred below the vent outlet, initiating and dominating 
fragmentation. Equilibration pressures of fine ash define a hydromagmatic fragmentation 
level ~200 m below the vent (see Fig. 4.12), where thermohydraulic explosions would have 
significantly enhanced particle dispersion, driving high eruptive jets. Without seawater for 
hydromagmatic fragmentation, the Poseidic magmas would still likely have erupted in vigorous 
effusion but without pervasive fragmentation, and consequently, would not be “explosive” at 
all.
In future studies, deposits of Poseidic eruptions can be identified by the following 
criteria:
(1) Deposits comprise landforms that are (probably) weakly conical, and consist 
of unconsolidated, lapilli-dominated volcaniclastic material. These features can 
be determined by observations made from submersibles, or potentially, from a 
combination of high-resolution bathymetry, deep camera-tows, and careful dredging.
(2) Juvenile lapilli-sized clasts have high vesicularity (by submarine standards), probably 
in excess of 40 %, although this will be affected by eruption depth. This can be 
determined quantitatively with measurements of bulk clast vesicularity (Houghton 
and Wilson, 1989), or through binary image analysis on polished thin sections.
(3) Vesicles observed in thin section should be isolated, and not interconnected in 
permeable pathways. The absolute bubble number density is not of foremost 
importance, but lies within the ranges reported for subaerial Hawaiian and 
Strombolian scoria. Vesicles are generally sub-spherical, and spaced sufficiently to 
prevent interconnection.
(4) Degassing paths, constrained by measuring volatile contents of matrix glasses and 
mineral-hosted glass inclusions, should show closed-system, i.e. volatile-coupled, 
degassing histories. The fine ash fraction should contain a proportion of active 
particles.
One weakness of defining the Poseidic eruption style by measurable parameters of pyroclasts 
is that the above criteria cannot be immediately identified “in the field” per se. Also, only limited 
information will be available in ancient, lithified, or altered deposits, though this is a problem 
commonly shared with dispersal-based classification as well. Full characterization requires the 
use of several advanced techniques (see Fig. 1.6):
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(1) Preparation of polished thin sections of lapilli.
(2) Examination of vesicle textures under the petrographic microscope.
(3) Quantification of vesicle and microlite textures by use of scanning electron microscopic 
(SEM) images at sufficient spatial density and magnification(s) to allow full 
characterization of microtextures.
(4) Analysis of major element chemistry by electron microprobe (EMP) to determine 
whether all particles or units within a given deposit or sample are comagmatic.
(5) Analysis of volatiles (H2O+CO2+S) in matrix glasses and mineral-hosted inclusions, 
using fourier-transform infrared spectroscopy (FTIR) or secondary ion mass spectroscopy 
(SIMS) to determine degassing histories.
(6) Qualitative examination of ash morphology, to determine if active particles are present 
in the deposit.
(7) Quantitative evaluation of ash shape factors, particularly for the fine-ash fraction, and 
comparison to appropriate end-member particles of known origins.   
For future studies on other deposits, as many of the above techniques as practicable should 
be applied. The difficulty and expense of these techniques (especially if volatile contents are 
directly measured) are trivial compared to the fundamental difficulty and cost of obtaining 
submarine samples from well-characterized sites by submersible or remotely-operated vehicle 
(ROV) in the first place. They should be regarded as basic techniques for determining submarine 
eruption style.  
Submarine pyroclastic deposits must be treated as distinct from subaerial ones, not just 
slightly modified versions of them. Comparisons to subaerial eruptions are useful, but have 
important limitations: hydrostatic pressure limits volatile exsolution; some form(s) of interaction 
between magma and seawater is inevitable; and eruption into deep water dramatically reduces 
vent-exit decompression. Together, these produce nonlinear differences in degassing history 
and fragmentation, dominate plume dynamics, and influence particle transport and dispersal in 
uniquely submarine ways. The Poseidic eruption style is the first to be characterized fully on 
the basis of measurable deposit and pyroclast features. More work, especially on pyroclastic 
deposits formed below ~1 km, is required to assess the role of Poseidic eruptions in the deep 
ocean, and the extent to which other submarine pyroclastic eruptions are driven by decoupled 
rather than coupled volatile volumes. Poseidic eruptions are possible at any subaqueous basaltic 
volcano. Since these are the most abundant volcanoes on Earth, it is expected that Poseidic 
eruption products will be recognized in many seafloor sequences worldwide, as more submarine 
pyroclastic deposits are rigorously examined using a variety of techniques. High hydrostatic 
pressure also characterizes sites of some subglacial eruptions, and these may have significant 
similarities with Poseidic eruptions.
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Part 3. Primary Pyroclastic Deposit L8
Chapter 8. Introduction and characteristics
8.1 Introduction to L8
 Part 3 focuses on a bedded volcaniclastic deposit exposed in a fault scarp in the 
northeastern part (N 18.56.3, W 155.14.8; Figs. 1.5 and 8.1) of Lō`ihi’s summit plateau. This 
deposit, referred to herein as “L8,” differs from the northern and southern Poseidic cones 
covered in Part 2, in that it has well-exposed stratigraphy. This allowed a series of samples to be 
collected upward through the volcaniclastic sequence. Observations and interpretations of L8 
deposit characteristics, lapilli textures, geochemistry, and segregation structures are presented 
in Chapters 8 to 11.
Deposit L8 was described and sampled on two occasions prior to the 2006 dive series. 
Garcia et al. (1995) collected one sample (their “sample 13”) from the deposit during Pisces 
V dive P5-186. Clague et al. (2003a) examined the along-strike extent of the deposit (their 
“Deposit D”) during Pisces V dive P5-401, and collected five small scoop samples as part of an 
extensive survey of volcaniclastic deposits on Lō`ihi. They described the deposit as “crudely 
bedded, with lapilli of spatter and scoria, and coarsely vesicular sand,” and interpreted the 
volcaniclastic beds as near-vent deposits produced by “submarine pyroclastic activity” (Clague 
et al., 2003a).
The descriptions of “Deposit D” given by Clague et al. (2003a) suggested that this 
deposit would be useful for exploring submarine pyroclastic activity at Lō`ihi, so it was a 
targeted site in the October 2006 Pisces IV dive series. The deposit was visited on three separate 
dives (P4-161, P4-162, and P4-164) in order to collect a robust suite of samples from the lapilli-
bearing layers. Eleven samples from distinct coarse layers were collected over the depth range 
1170-1148 mbsl (see Table 3.1), using mainly the sediment scoop/ bio box apparatus for sample 
collection (see Fig. 1.7). Seven of the samples contained a significant proportion of the lapilli-
sized clasts required for textural analysis. 
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Fig. 8.1. Bathymetry of L8 deposit.
Enlarged from dashed box in Fig. 3.2. Sample transect 
location marked by white star.
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8.2. L8 deposit characteristics
 Deposit geometry, pyroclast dispersal, and grain size have traditionally been the defining 
features in eruption style classification (Walker, 1973; Pyle, 1989). There are significant practical 
difficulties in obtaining this information for submarine deposits. While direct observation from 
manned submersibles is an incalculable advance over dredging or even camera towing, it is 
still very limited and expensive compared to the age-old process of simply walking around 
on a subaerial deposit with notebook, hand lens, and shovel. These fundamental limitations 
notwithstanding, direct observations of L8 deposit characteristics, careful manipulation of the 
multiple Pisces IV video cameras, and robust sample collection together permit a first-order 
assessment of key deposit characteristics.
8.2.1. Stratigraphy
Extensive traverses of the L8 deposit, both up-section and along strike, yielded direct 
observations and video footage useful in accurately determining the stratigraphy and facies 
geometry (Fig. 8.2).
L8 consists of a ~22-metre thick section of volcaniclastic material, with a base at 
approximately 1170 mbsl. The deposit changes upsection through four zones of different 
character (Fig. 8.2). (1) The basal few metres of the deposit is characterized by decimetre-
scale beds of coarse ash with centimetre-scale internal layering, separated by discontinuous 
layers of larger fragments, many several centimetres across. Samples collected from within this 
sequence (162-1-A, 162-1-B, 162-1-C) lacked coarse lapilli suitable for full textural analysis. 
(2) Above this basal sequence, lava pillows can be seen in the section (Fig. 8.2B), creating 
a mixed zone of pillows and lapilli-dominated, unconsolidated volcaniclastic material. The 
pillow surfaces appear very smooth, not broken or brecciated. The volcaniclastic material in 
this section is lapilli-dominated and vesicular, with crude grainsize-defined internal layering 
(Fig. 8.2C). (3) Upsection, no flow lobes were observed, and the deposit coarsens to lapilli-
dominated thicker layers that are variably bedded (Fig. 8.2E) or massive. In some cases, what 
appear at first to be pillow lavas are in fact massive, coarse volcaniclastic units preserved as 
bulbous surface exposures (Fig. 8.2D,F). (4) The upper ~12 m of the deposit is defined by loose, 
unconsolidated, lapilli-rich volcaniclastic material in crude beds defined by layers of coarser 
fragments a few clasts thick, with some beds containing dispersed small blocks. Throughout the 
deposit, bedding is vague (e.g., Fig. 8.2C,E), but some individual beds can be traced laterally 
over several 10s of metres.
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Fig. 8.2. Stratigraphy of deposit L8.
Numbered descriptions correlate with sequence descriptions in the text. Note that depths are not 
continuous throughout. A: Mosaic of video framegrabs from the Pisces IV cameras, showing stra-
tigraphy of L8 in four sections. Placement of sample numbers shows where each was collected. 
B-F: Close-up images of particular deposit features described in the text, linked to stratigraphic 
position by dashed boxes and arrows. 
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Fig. 8.3. Grain size and 
sorting through the L8 
stratigraphy.
A: Sorting coefficient (sI) 
vs. median diameter (MdΦ). 
B: Cumulative weight per-
cent vs. sieve size (Φ=-
log2(diameter)). C-D: Varia-
tions in MdΦ and sI with 
stratigraphic sample posi-
tion.
Sample Depth (mbsl) MdΦ Mz σΦ σI
164-1-A 1168 -0.85 -1.19 1.835 1.80
164-1-B 1167 -1.7 -1.7 1.99 1.7
164-1-C 1166 -1.5 -1.46 1.79 1.91
164-1-D 1163 -3.08 -2.76 1.92 1.85
164-1-E 1162 -1.65 -1.74 1.97 1.83
164-1-F 1158 -0.82 -0.9 1.71 1.7
164-1-G 1148 -1.32 -1.51 1.95 1.81
Table 8.1. L8 grainsize summary.
Sieve size f=-log2(mm). Mdf=median 
diameter, Mz=mean diameter, sf=16-
84 percentile range, sI=sorting 
coefficient
8.2.2. Grain Size
Median grain size (MdΦ) is very consistent through the ~22 m stratigraphy (Table 8.1; 
Fig. 8.3). MdΦ ranges from -1.70Φ to -1.82Φ, except for one coarse outlier (164-1-D), with 
MdΦ of -3.08, collected from the massive, lapilli-dominated section of the stratigraphy. The 
samples are moderately well sorted, with sorting coefficients (sI) ranging from 1.70 to 1.91. 
The sorting is strikingly consistent regardless of stratigraphic height, and the coarse outlier 
sample has a degree of sorting well within the range defined by the other samples (1.85).
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8.2.3. Interpretation of L8 deposit characteristics
 The well-exposed stratigraphy of the L8 deposit allows a first-order assessment of the 
eruptive history represented by the section, with the caveat that the vent location is not known. 
The ~22 m succession of volcaniclastic material is very thick, and is therefore likely proximal 
to source, or could be filling in paleotopography. It is unlike the thin veneers of volcaniclastic 
material attributed to other submarine explosive eruptions and particle transport in ocean 
currents, that are reported to cover wide swaths of the ocean floor (e.g., (Clague et al., 2008; Sohn 
et al., 2008). The few pillow lava lobes observed in the lower, mixed zone of the deposit (Fig. 
8.2) are the only indication of effusive activity in the immediate area, and have morphologies 
similar to submarine lava flow termini (Batiza and White, 2000). Above the lava lobes, the 
sequence represents semi-continuous emplacement of coarse volcaniclastic material that was 
not accompanied by flow emplacement. Beds do not have any waveforms or other indicator of 
emplacement in density currents. No horizons of clay, altered material, non-volcanic sediments, 
or other indicators of time breaks were observed in the L8 stratigraphy. This suggests that the 
sequence was emplaced in rapid succession, possibly from a single continuous eruption, or a 
series of successive eruptions closely spaced in time. With stratigraphy as a proxy for eruption 
intensity/discharge rate, the period of highest discharge likely corresponds to the sequence of 
massive volcaniclastic beds (Fig. 8.2).
 The initial interpretation of L8 stratigraphy is that it represents a vent-proximal 
accumulation of primary volcaniclastic (White and Houghton, 2006), and pyroclastic, material. 
The L8 material is inferred to have been deposited from a relatively steady eruption, with 
minimal transport, and emplaced without time breaks, intervening lava effusion, or transport in 
ocean currents. 
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8.3. L8 clast textures
As discussed in Chapter 3, the textures of individual basaltic pyroclasts record magma 
vesiculation and crystallization, which are are influential in-conduit processes that can play major 
roles in determining magma ascent rates. In this chapter, the bulk vesicularity, vesicle textures, 
and microlite textures of individual L8 juvenile lapilli are examined, and their implications for 
magma ascent and eruption are discussed.
8.3.1. Clast morphology
Lapilli in deposit L8 are generally blocky, and lack fluidal forms. Surface textures are of 
2 end-member types (Fig. 8.4). The first is an angular, dark grey to black, shiny, vitreous surface 
(Fig.8.4A). Vitreous surfaces are generally punctuated by sharp edges of broken vesicles. The 
second is a light grey, cauliflower-like, irregular crusted surface (Fig.8.4B). Many clasts display 
a mix of both vitreous and crusted surface textures. Vitreous and crusted surface textures 
correspond in thin section to areas of sideromelane and tachylite groundmass, respectively (see 
Section 8.3.3). Surface textures of the lapilli generally do not show signs of abrasion, which 
would have developed if the particles had been transported in granular flows.
Fig. 8.4. Representative L8 lapilli.
A: Clast with vitreous surface. B: Clast 
with crusted, cauliform surface.
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8.3.2. Vesicularity and vesicle textures
 Density/vesicularity of lapilli from seven L8 samples (164-1-A to 164-1-G) were 
measured according to Archimedes’ principle, following the technique of Houghton and Wilson 
(1989) as described in Section 1.8.2 (all data in Appendix A). Houghton and Wilson (1989) 
suggest that density be measured on a set of 100 clasts from each sample to provide a statistically 
significant density distribution. Most of the L8 samples did not yield 100 clasts, but displayed 
reasonably distinct density modes from as few as 44 representative lapilli (Fig. 8.5). Lapilli 
from the low, modal, and high peaks on density histograms were selected for textural analysis, 
and were made into standard polished thin sections after impregnation with epoxy to preserve 
vesicle textures. Scanned images of typical lapilli are shown along with density/vesicularity 
distributions through the L8 stratigraphy in Fig. 8.5.
The range of clast vesicularity varies little through the L8 stratigraphy (Fig. 8.5). Over 
the entire ~22 m section, median clast density in each sample ranges narrowly from 1780-1990 
kg/m3, which corresponds to a vesicularity range of 30 to 37%. Density histograms for each 
sample have widely varying shapes, although in most cases they do have broad modal peaks 
corresponding to a vesicularity range of 30-40%.
L8 lapilli are dense compared to the ~45-95% (modal ~60%) vesicular scoria produced 
by Hawaiian fire fountaining (Cashman and Mangan, 1994; Mangan and Cashman, 1996; Polacci 
et al., 2006), and the ~40-76% vesicular subaerial Strombolian scoria (Lautze and Houghton, 
2005; Polacci et al., 2006). They also have distinctly lower bulk vesicularities than the Poseidic 
scoria examined in Part 2 of this work. Modal vesicularity values for the L8 clasts are, however, 
higher than the ~5-20% commonly reported for extrusive basalts on Lō`ihi (Moore et al., 1982; 
Garcia et al., 1998, 2006; Dixon and Clague, 2001), except for rare outliers which include lavas 
and pillow rinds with ~40 and ~43% vesicles, respectively (Garcia et al., 2006; D.A. Clague, 
pers. comm., 2007). 
Density histograms for the samples show broad similarities, with minor changes in 
shape, moving upward through the L8 stratigraphy (Fig. 8.5), that correlate roughly with the 
stratigraphic zones described in Section 8.2 and illustrated in Fig. 8.2. Sample 164-1-A, from 
below the mixed zone of pillow flow lobes and lapilli-dominated volcaniclastic material has a 
broad and polymodal density distribution, truncated toward the high-density end. Samples 164-
1-B and 164-1-C, from within the mixed zone have similarly broad, but unimodal distributions, 
and extend to include a small proportion of high-density clasts. Samples 164-1-D and 164-1-
E, from within the sequence of crudely bedded and massive, lapilli-dominated volcaniclastic 
material, have strongly unimodal, Gaussian density distributions, including small proportions of 
both high- and low-density clasts. Samples 164-1-F and 164-1-G, from the upper unconsolidated 
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Fig. 8.5. L8 clast density and appearance in thin section.
Density/vesicularity histograms for seven L8 samples shown in relative stratigraphic position. Sample numbers 
and number of clasts measured form each given in each histogram panel. Shaded bar across histograms shows 30-
40% modal vesicularity range for comparison. Representative clasts are shown as showed as scans of thin sections 
from the low, modal, and high density classes of each sample. Individual clast names are given beside each clast, 
and their respective positions in each histogram are indicated. Vesicle populations were quantified (see Section 
14.5) in clasts marked with a red star. 
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material have broader and less systematic density distributions (perhaps due in part to a lower 
number of measured clasts), with a higher proportion of low-density clasts (164-1-F), and then 
a broad and polymodal distribution of clasts (164-1-G) including peaks in the low- low-modal, 
and high-modal density ranges.   
8.3.3. Lapilli textures in thin section
 L8 lapilli textures are highly variable when viewed in thin section. They can be divided 
into three loosely-defined density/vesicularity categories; low, modal, and high density clasts 
having vesicularities of  >~40%, ~30-40%, and <~30%, respectively (Fig. 8.5). These categories 
cover most of the observed variation in clast textures. Clast textures vary more strongly with 
bulk density than they do with stratigraphic position in the L8 deposit.
 Low density clasts, which are more common in samples collected from the upper, 
unconsolidated material at site L8 (Fig. 8.2), are olivine-phyric, and have generally sub-
spherical vesicles, set in a groundmass that is variably brown sideromelane, black tachylite, 
or gradational between the two.  The low density of most of these clasts can be attributed to 
a visually prominent population of large, sub-spherical vesicles (e.g., Fig. 8.5 clasts 164-1-
F(3), 164-1-E(24) and 164-1-A(17)). In areas of tachylite groundmass, vesicles are generally 
larger, and commonly host “intra-vesicular extrusions” (IVE). IVE are specific segregation 
textures that are common in L8 lapilli. A discussion of their formation and significance relies 
on geochemistry, so they are described and discussed in Chapter 10.
 Modal density L8 clasts are olivine phyric, with variable vesicle textures set in a mixture 
of sideromelane and tachylite groundmass. The vast majority of modal density clasts contain 
both sideromelane and tachylite in roughly equal proportions. While Poseidic scoria examined 
in Part 2 of this thesis showed progressive gradations in groundmass from sideromelane rims 
to tachylite cores, the groundmass is more variable in L8 clasts. Domains of sideromelane 
and tachylite are often intimately mingled on a millimetre scale (e.g., Fig. 8.5, clast 164-1-D). 
Occasional modal density clasts have sideromelane groundmass throughout (e.g., Fig. 8.5, clast 
164-1-A(4)), but very rarely have tachylite groundmass throughout. Vesicles throughout modal 
density clasts are generally sub-spherical, but are occasionally flattened when in sideromelane 
(Fig. 8.6A), linked into shapes indicative of coalescence (Fig. 8.6B), and/or IVE-bearing when 
in tachylite (Fig. 8.6C). Some of the largest of vesicles are contorted and collapsed (Fig. 8.6D).
 High density L8 clasts are typically highly olivine-phyric, and always have groundmass 
that is dominated by tachylite. Small zones of sideromelane are present in high density clasts, 
but they are characterized by a dark brown colour in plane-polarized light, which is indicative 
of partial microlite crystallization, and is unlike the clear, light brown sideromelane in the low 
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and modal density clasts (Fig. 8.5). High density clasts do contain abundant, sub-spherical 
vesicles, but these are very small and thus do not impart a lower density to the clasts. 
Fig. 8.6. SEM images of L8 vesicle textures.    
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8.3.4. Vesicle quantification
 Vesicles were quantified for a small representative suite of L8 lapilli, including one of 
low density, six of modal density, and one of high density, following the method described in 
Section 1.8.4. Results are given in Table 8.2 (raw measurements given in Appendix B.2), with 
vesicle volume histograms shown in Fig. 8.7.  
 Melt and phenocryst-corrected vesicle number densities (Nv) in L8 clasts range over 
an order of magnitude, from 8.20x104 to 9.49x105 cm-3, maximum equivalent diameters (EqD) 
range from 1.19 to 4.16 mm, and median EqD ranges from 0.33 to 1.10 mm. These values 
overlap with the ranges reported for subaerial Hawaiian (Cashman and Mangan, 1994) and 
Strombolian (Lautze and Houghton, 2005) scoria, and with the syn-fragmentation ranges 
reported for Poseidic scoria (Chapter 3); although Nv and EqD in L8 clasts extend to higher 
values than in the Poseidic scoria. The low density L8 clast has one of the lowest Nv values 
(9.96x104 cm-3), and the highest median EqD (1.10 mm). Modal density L8 clasts have widely 
varying Nv and EqD (with the highest EqD in clasts with a significant proportions of tachylite 
groundmass). The high density L8 clast has the highest Nv (9.49x10
5 cm-3) and lowest maximum 
and median EqD (1.19 and 0.33 mm, respectively). These observations are consistent with the 
qualitative vesicle observations given above.
 Vesicle volume histograms for L8 lapilli (Fig. 8.7) are variable and irregular in shape. 
The low density clast (164-1-F(3)) shows a polymodal volume distribution, with a distinct peak 
in the maximum vesicle size bin. This indicates that the largest observed vesicles contribute 
overwhelmingly to the overall vesicularity of the clast . Truncation of the low density vesicle 
volume histogram toward the large vesicle sizes may indicate that the original magma contained 
still larger vesicles that are not represented within the domains of melt that are preserved at 
lapilli, as suggested by the irregular clast edges of some thin sections, or it may indicate that the 
largest vesicles (EqD of ~4 mm) are the most mature in the population, and have had the longest 
growth history. Vesicle volume histograms in modal density L8 clasts are highly variable, but 
are generally truncated toward larger vesicle sizes (Fig. 8.7), where high peaks in most clasts 
indicate that a few, larger vesicles make a large contribution to overall vesicularity, despite their 
lower (compared to the small vesicles) number densities. The high density L8 clast yields a low, 
broad, vesicle volume histogram (Fig. 8.7).   
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Density Ves. Cryst. Nv Max EqD Median
Clast Class % % (cm-3) (mm) EqD (mm)
164-1-A(4) Modal 38 15 2.48E+5 2.79 0.62
164-1-B(11) Modal 34 23 3.21E+5 3.92 0.63
164-1-C(1) Modal 34 17 1.31E+5 2.03 1.00
164-1-D(1) Modal 31 20 8.20E+4 1.62 0.58
164-1-D(16) High 18 28 9.49E+5 1.19 0.33
164-1-E(6) Modal 29 16 1.46E+5 4.16 0.90
164-1-F(3) Low 42 23 9.96E+4 4.12 1.10
164-1-G(5) Modal 27 14 2.81E+5 2.18 0.65
Table 8.2 L8 vesicle quantification.
Clasts quantified are marked by a red star in Fig. 8.5, with 
density class referring to position in density histograms. Nv 
= vesicle number density per unit volume of melt, corrected 
for phenocrysts and void space. EqD = vesicle size expressed 
as diameter of a sphere of equivalent volume. 
Fig. 8.7. Vesicle volume histograms for L8 lapilli.
Clasts divided into density classes as in Fig. 14.2. Histograms plotted as vesicle volume % vs. log10(EqD) (0 = 1 
mm). Clast names, images, and Nv (Table 8.2) included in each panel for quick reference. 
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8.3.5. Microlite textures
 There is significant variation in microlite textures within L8 lapilli of all density classes. 
The gradations and juxtapositions in microlite density are apparent in the visually striking 
sideromelane and tachylite distributions observed in lapilli thin sections (see Fig. 8.5). Microlite 
habits and densities were examined and quantified in detail for Poseidic scoria in Part 2, where 
clasts typically showed rim-to-core increases in groundmass crystallinity and coarsening of 
microlites. The sideromelane-tachylite transitions in L8 lapilli are distinctly different, and are 
illustrated in SEM images from within a representative modal density clast (164-1-D(1)) in Fig. 
8.8. 
Light brown sideromelane corresponds to areas of virtually microlite-free glass (Fig. 
8.8A). Whereas the first appearance of microlites in the Poseidic clasts marked well-defined 
crystallization “fronts” (see Fig. 3.6), in the L8 clasts, they are instead marked by a spherulitic 
texture (Fig. 8.8B and 8.9A), with spherulites distributed both homogeneously (e.g., apparently 
nucleated at random in the melt) and heterogeneously (e.g., preferentially nucleated at vesicle 
and/or phenocryst walls). Tests with the qualitative energy-dispersive microprobe show all 
microlites to be clinopyroxene. Zones of advanced tachylite in L8 clasts have a highly developed 
spherulitic groundmass (Fig. 8.8C and 8.9B-D).
Spherulite growth is most commonly attributed to devitrification of volcanic glass 
at temperatures below the glass transition (Lofgren, 1971a, 1971b, 1974; Kirkpatrick, 1978; 
Castro et al., 2008; Watkins et al., 2009), but can also represent “primary” (e.g., above glass 
transition) microlite growth (Monecke et al., 2004). Distinguishing between these processes 
is important for the interpretation of intra-vesicular extrusions (IVE), a segregation texture 
common in L8 clasts, which is thoroughly examined in Chapter 10. 
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Fig. 8.8. Groundmass variability in 
L8 lapilli.
Representative clast 164-1-D(1) shown 
with SEM images taken in three dif-
ferent locations. A: Nearly hypocrys-
talline sideromelane, but with few 
homogeneously nucleated spherulites. 
B: Distinct, spherulitic texture at sider-
omelane-tachylite boundary. C: Dense 
overgrowth of adjacent spherulites in 
tachylite.
Fig. 8.9. Photomicrographs of 
L8 spherulitic groundmass tex-
tures.
A: Patchy distribution of micro-
lites in light brown sideromelane. 
B-C: Variable microlite density 
across sample. D: Densely inter-
grown spherulitic texture.
Part 3 Pyroclastic Deposit L8 
138
8.3.6. Interpretation of L8 clast vesicularity and textures
 The similarity in modal clast vesicularity through the L8 stratigraphy suggests that 
the bulk of L8 magma being erupted at any given time was similarly vesiculated; however, 
within each stratigraphic level, there is a significant range of vesicularity in individual clasts. 
Vesicularity is most consistent (narrowest modal density histograms) from samples taken in 
the massive volcaniclastic beds (Fig. 8.2), which is consistent with this portion of the sequence 
representing the most sustained, steady period of the eruption. Increased variability in clast 
vesicularity near the bottom and top of the L8 sequence suggests that waxing and waning 
periods of eruptive intensity produced greater vesicle heterogeneity in erupted melt. 
 L8 clast vesicularity is generally lower than that of the Poseidic clasts presented in 
Chapter 3, and lower than that of subaerial Hawaiian (Cashman and Mangan, 1994; Mangan 
and Cashman, 1996; Polacci et al., 2006) and Strombolian (Lautze and Houghton, 2005, 2007, 
2008; Polacci et al., 2006) clasts. This suggests that the conduit processes leading to explosive 
ejection of L8 magma was not precisely analogous to any known eruption style. The fact that all 
stratigraphic levels in the deposit contain a spectrum of clasts: from those with low-density, low 
vesicle number density, and large vesicle size, through to those with high density, high vesicle 
number density, and small vesicle size, indicates that at any given time during the eruption(s), 
the melt that was leaving the vent was heterogeneously vesiculated. 
The low Nv and high EqD of low density clasts versus the high Nv and low EqD of 
high density clasts suggests that the heterogeneity in vesicle textures could be a consequence 
of variable (by diffusion, decompression and/or coalescence) times and conditions of vesicle 
growth, rather than nucleation (Cashman and Mangan, 1994). In particular, the textures in 
low and modal density clasts could have evolved from those in the high density clasts during 
extended growth (e.g., Herd and Pinkerton, 1997). 
 Variability in groundmass crystallization within L8 lapilli suggests variable degrees of 
stagnation and heat loss from the L8 magma in-conduit (e.g., Taddeucci et al., 2004; Lautze and 
Houghton, 2005). Microlite concentrations do not strictly vary from rim-to-core of the lapilli, 
as inferred to result from post-fragmentation diffusive cooling of the Poseidic clasts (Chapter 
3). Instead, the microlites probably formed in response to complex, relatively slow-moving 
cooling fronts in the conduit (Monecke et al., 2004). The increase in effective melt viscosity 
that accompanies microlite formation (Smith, 1967; Anderson Jr. et al., 1984; Gonnermann 
and Manga, 2007) may have limited vesicle evolution in the portions of melt preserved as high 
density clasts.
 A parabolic velocity profile in vertical eruptive conduits is often cited as the reason for 
textural variability in basaltic pyroclasts (Taddeucci et al., 2004; Lautze and Houghton, 2005). 
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According to this theory, friction causes magma at conduit margins to ascend more slowly, lose 
heat to surrounding country rock, crystallize more quickly, and potentially release volatiles to 
permeable fractures in the conduit walls. Relatively rapidly ascending magma at the core of the 
conduit remains comparatively hot, fluid, and crystal-free during ascent. Such a scenario could 
partially explain the textural variability in the L8 clasts, with modal density, sideromelane-
rich clasts being derived from the thermally insulated core of the flow (Taddeucci et al., 2004; 
Lautze and Houghton, 2005). Low density clasts may be derived from an intermediate zone 
between the conduit’s core and margin, where ascent is slow enough to promote greater vesicle 
coalescence and equilibrium growth than in the core (Wilson and Head, 1981; Parfitt, 2004), 
but thermally insulated enough to avoid being extensively crystallized in-conduit. High density 
clasts may then be derived from conduit margins, where slow ascent promotes cooling and 
outgassing to country rock, which truncated significant vesicle evolution.        

141
Part 3 Pyroclastic Deposit L8
Chapter 9. L8 Geochemistry and Degassing
9.1. Introduction
 Most studies of submarine volcanic products to date have relied heavily on geochemistry 
to characterize deposits, and determine their sources. Submarine-erupted rocks are particularly 
useful for volatile studies because they commonly retain residual H2O and CO2 in measurable 
concentrations, due to the increased solubility of these important magmatic volatiles at high 
hydrostatic pressures. In this chapter, the geochemical relationships of bulk glass in L8 lapilli, 
olivine phenocrysts, and olivine-hosted glass inclusions (GI) are presented and interpreted. 
Water and CO2 concentrations in L8 GIs were not measured, so interpretation of H2O degassing 
is limited to data collected from L8 lapilli matrix glasses. Analytical methods are briefly listed 
in the caption to each table, and are covered in full in Chapter 1.
9.2. Results
9.2.1. Petrography
 Olivine is the only observed phenocryst phase in L8 clasts. Lapilli contain 14 to 28 % 
olivine (see Table 8.2), and olivine crystals are very common in the coarse ash fraction of the L8 
samples. L8 olivine crystals are subhedral, and are not uniform in size. The range in crystal sizes, 
from <0.25 mm to > 2.0 mm, may indicate variations in growth time, the result of a complex and 
diverse cooling and crystallization history in the L8 magmatic plumbing system (Roggensack, 
2001). Olivine crystals sieved directly from the ash fraction of the deposit typically have a 
white alteration coating of an amorphous silica phase (D.A.Clague, pers. comm., 2007). GIs of 
various shapes, commonly containing oxide crystals and vapour bubbles are present in most of 
the observed L8 olivine crystals.
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9.2.2. Olivine Compositions
 A small number of representative olivine compositions from deposit L8 are given in 
Table 9.1. Core and rim compositions are given for two large (>2.5 mm) phenocrysts (L8-
Ol-07 and L8-Ol-08), which are weakly normally zoned (Fo88.4-81.2 and Fo88.7-83.6). Only core 
compositions for small crystals (<1.0 mm) were analyzed, revealing consistent compositions 
ranging only from Fo81.7 to Fo83.9. The consistency between the rim compositions of large crystals, 
and core compositions of small crystals again suggests that different crystal sizes indicate 
variable growth times (Roggensack, 2001), with more evolved, lower-Fo olivine crystallizing 
contemporaneously as small crystals and rims on large crystals, shortly before eruption.
 An important note is that the olivine analyses given in Table 9.1 are not from specific 
GI-bearing host crystals, which were sieved directly from the coarse ash fraction of the samples. 
The average core composition (Fo83.8) is assumed to be representative of all L8 crystals, and has 
been used to correct GI compositions for post-entrapment olivine crystallization (Tables 9.5-
9.6). 
Core Rim
Crystal SiO2 FeO MnO MgO CaO NiO Total Fo(%) SiO2 FeO MnO MgO CaO NiO Total Fo(%)
L8-Ol-0139.3816.63 0.23 43.52 0.28 N/A 100.04 82.3
L8-Ol-0239.2215.29 0.26 44.72 0.28 N/A 99.77 83.9
L8-Ol-0339.7115.80 0.25 44.42 0.31 N/A 100.49 83.4
L8-Ol-0438.9217.06 0.25 42.84 0.30 N/A 99.37 81.7
L8-Ol-0537.9516.84 0.24 42.96 0.30 N/A 98.29 82.0
L8-Ol-0639.2716.22 0.24 44.77 0.29 N/A 100.79 83.1
L8-Ol-0740.7311.30 0.19 48.30 0.26 N/A 100.78 88.4 38.5917.73 0.24 42.86 0.32 N/A 99.74 81.2
L8-Ol-0840.3510.94 0.14 48.25 0.28 N/A 99.96 88.7 39.6215.57 0.20 44.68 0.28 N/A 100.35 83.6
L8-Ol-0939.2016.64 0.21 43.39 0.30 N/A 99.74 82.3
L8-Ol-1039.2216.50 0.27 43.38 0.27 N/A 99.64 82.4
Table 9.1. L8 representative olivine compositions.
Analyses by WDS. All oxides in wt.%, NiO was not measured. Core and rim compositions 
given for crystals >2 mm, core only for crystals <0.5 mm.
143
Part 3 Pyroclastic Deposit L8
9.2.3. L8 Whole rock, matrix glass, and glass inclusion compositions
 L8 lapilli have tholeiitic whole rock compositions (Table 9.2; Fig. 9.1), with a narrow 
MgO range of 18.74 to 22.64 wt.%. The high MgO in L8 whole rock analyses is likely due 
to olivine accumulation (Frey and Clague, 1983; Hawkins and Melchior, 1983; Garcia et al., 
1995). Lapilli matrix glasses (Table 9.3) are also tholeiitic, with narrow compositional ranges 
for all major elements, and MgO from 5.76 to 8.43 wt.%. Matrix glass compositions are typical 
for Lō`ihi tholeiitic glasses (Byers et al., 1985; Garcia et al., 1989, 1995, 1998; Dixon and 
Clague, 2001). The composition of glasses in intra-vesicular extrusions (IVE) in five L8 lapilli 
are given in Table 9.4. IVE compositions are also tholeiitic (Fig. 9.1), with MgO from 6.77 to 
7.90. The relationship between lapilli matrix glass compositions and their associated IVE are 
discussed in Chapter 10.
 All analyzed L8 GIs have tholeiitic compositions (Tables 9.5-9.6; Fig. 9.1). GIs have 
uncorrected MgO concentrations ranging from 5.08 to 8.89 wt.% and FeOT concentrations 
ranging widely, from 7.53 to 13.30 wt.%. Correction for post-entrapment crystallization (PEC) 
of olivine variably affects the L8 GIs, partly because the average core olivine composition 
(Table 9.1) was used for the calculations. Half of the 53 GIs analyzed are already in equilibrium 
with the average olivine composition, and were not affected by PEC calculation. The remaining 
GIs have compositions in equilibrium with the average olivine after correction for 0.1 to 11.9 
% PEC. PEC correction (where appropriate) yields GI compositions that have MgO ranging 
form 6.61 to 11.20 wt.%, and FeOT from 7.88 to 13.72 wt.%. As seen in the northern cone GIs 
(Chapter 4), the lowest-Fe L8 GIs are atypical when compared to previously reported Lō`ihi 
inclusions (Kent et al., 1999a, 1999b; Hauri, 2002).        
9.2.4. Volatile abundances
 Sulfur is an important volatile element, which is useful for determining magmatic 
degassing histories (e.g., Gerlach and Graeber, 1985; Wallace and Carmichael, 1992), and 
submarine-erupted Hawaiian basalts are often differentiated from subaerially-erupted ones by 
the former having >250 ppm residual S (Moore and Thomas, 1988; Davis et al., 1991; Clague 
et al., 2000). Sulfur concentrations, as measured by EMP, range from 509 to 1025 ppm in L8 
lapilli glasses (Table 9.3), from 533 to 725 ppm in IVE (Table 9.4), and from 159 to 2004 ppm 
in L8 GIs (corrected for PEC; Table 9.6).
 Deposit L8 lapilli have residual H2O concentrations ranging from 0.29 to 0.82 wt.% 
(average of 0.62 wt.%), and CO2 concentrations ranging from below the ~20 ppm lower limit of 
FTIR detection, to 48 ppm (Table 9.3). All but three of the L8 lapilli glasses analyzed have H2O 
contents in excess of the estimated ~0.48 % parental H2O content of parental tholeiitic Lō`ihi 
magma (Dixon and Clague, 2001; Hauri, 2002).
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Dive No. Clast SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 LOI Total
Deposit L8
P4-164 1-C(5) 46.281.97 8.66 11.44 0.17 18.74 8.13 1.24 0.52 0.06 0.06 97.21
P4-164 1-E(8) 45.661.85 8.15 11.65 0.17 20.55 7.64 1.09 0.48 0.06 -0.2197.30
P4-164 1-C(15) 45.261.81 7.95 11.79 0.17 21.35 7.48 1.07 0.48 0.20 -0.1797.56
P4-164 1-E(3) 45.151.70 7.49 11.69 0.17 22.64 7.02 0.94 0.45 0.07 -0.2997.32
Table 9.2. L8 whole-rock geochemistry.
Analyses by XRF. All oxides in wt.%
Fig. 9.1. Total alkali-silica diagram for L8.
Includes whole rock, matrix glass, IVE, and glass 
inclusion chemistry (Tables 9.2-9.6). Tholeiitic-
alkalic boundary after MacDonald and Katsura 
(1964).
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EMP
Dive No. Clast SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl Total n
P4-161 4-A(7) 49.303.0013.0111.96 0.17 6.90 11.69 2.20 0.76 0.18 930 622 99.33 9
P4-164 1-C(1) 48.652.8812.4411.71 0.16 7.84 11.18 2.11 0.69 0.17 774 533 97.94 6
P4-164 1-D(1) 48.522.9012.5111.59 0.09 7.81 11.21 2.14 0.70 0.16 701 700 97.74 2
P4-164 1-E(6) 48.552.8212.4911.63 0.11 7.90 11.14 2.14 0.70 0.07 681 700 97.65 2
P4-164 1-F(3) 48.823.0312.6911.97 0.16 6.77 11.58 1.97 0.70 0.18 691 725 98.00 4
Table 9.4. L8 IVE geochemistry.
Major elements by EDS. All oxides in wt.% except S and Cl in ppm. 
Average of n analyses on various IVE within each clast.
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EMP
Crystal Incl. SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl* Total n
E-01
A 48.753.0213.4610.39 0.16 8.50 12.01 1.54 0.89 0.38 1528 364 99.28 3
C 47.262.78 11.9512.03 0.19 7.66 11.38 1.87 0.69 0.41 877 531 96.36 3
E-02
A 51.642.1612.51 9.66 0.16 8.35 11.78 1.86 0.25 0.29 1216 120 98.79 5
B 48.942.8612.3411.86 0.18 8.06 11.49 1.97 0.72 0.34 1040 399 98.89 2
E-03
A 51.712.1312.54 9.71 0.21 8.26 11.78 1.79 0.23 0.34 1130 148 98.82 2
B 48.452.72 12.1111.92 0.22 7.91 11.29 1.98 0.73 0.35 1348 396 97.85 1
E-04 A 48.682.3412.5113.30 0.16 8.15 10.94 1.95 0.57 0.35 1526 396 99.13 2
E-05 A 50.842.9013.0411.61 0.19 8.59 11.64 2.25 0.68 0.36 1130 495 102.25 2
E-07
A 49.582.7512.9610.03 0.17 7.44 11.81 1.95 0.51 0.41 932 346 97.74 2
B 48.992.9612.5211.98 0.19 7.57 11.65 2.14 0.71 0.33 991 198 99.15 1
C 51.902.3613.25 9.58 0.17 7.93 11.77 2.03 0.44 0.40 1150 544 99.99 2
E-08 A 47.772.77 11.9611.76 0.20 8.89 14.17 1.22 0.44 0.30 1843 396 99.70 2
E-09 A 50.702.7613.65 7.53 0.12 5.08 14.39 1.78 0.79 0.48 1099 686 97.47 1
E-10
A 50.322.8413.02 8.99 0.15 8.74 12.21 1.70 0.29 0.43 1296 490 98.86 1
B 49.11 2.8112.3712.12 0.09 7.92 11.47 2.09 0.70 0.41 903 294 99.21 1
E-11 A 49.782.4213.36 9.42 0.16 7.97 12.35 1.81 0.25 0.26 1355 98 97.92 2
E-12
A 49.322.7613.28 9.70 0.23 8.22 12.26 2.12 0.09 0.23 785 8039 99.09 1
B 49.602.6813.22 9.83 0.16 8.19 12.21 2.10 0.26 0.19 550 8186 99.31 2
C 49.652.4713.1010.59 0.14 8.07 12.27 2.05 0.17 0.14 2022 7059 99.55 2
D 50.572.6413.5410.63 0.10 8.07 12.72 2.01 0.15 0.25 1806 5392 101.38 1
E 51.063.0713.47 9.46 0.24 8.02 12.56 1.75 0.36 0.34 1531 490 100.53 1
F 51.022.8913.3910.06 0.17 8.64 12.71 2.11 0.10 0.25 1728 5490 102.05 1
E-14 A 49.263.0613.36 9.63 0.13 8.17 12.55 1.77 0.14 0.29 1845 3480 98.90 2
E-16 A 48.012.2112.80 9.09 0.14 8.18 12.77 1.73 0.37 0.10 569 10735 96.54 2
E-17 A 47.743.01 11.9411.68 0.21 7.73 11.73 2.07 0.67 0.49 1139 98 97.38 1
E-20 A 48.912.1312.86 9.59 0.18 7.36 11.80 1.89 0.40 0.28 1067 395 95.53 2
E-21 A 47.422.78 11.8711.84 0.20 8.46 13.21 1.45 0.51 0.32 1506 396 98.27 3
F-02
A 49.442.4212.68 9.10 0.17 8.28 12.57 1.79 0.09 0.13 383 13825 98.08 3
B 49.832.5213.08 8.94 0.19 8.40 12.67 1.92 0.08 0.06 159 13363 99.05 2
C 49.552.4712.89 9.15 0.18 8.34 12.78 1.78 0.07 0.10 337 13363 98.70 2
D 51.222.6412.98 8.13 0.05 8.06 12.64 2.16 0.44 0.45 1269 247 98.91 2
F-05 A 51.782.7212.82 7.95 0.13 8.15 12.58 2.15 0.32 0.51 1189 99 99.25 2
F-07 A 51.212.5213.56 8.75 0.14 7.97 12.35 1.65 0.50 0.37 1442 99 99.18 2
F-13 A 48.222.8812.4611.62 0.16 7.31 11.80 1.90 0.72 0.30 869 543 97.51 2
FB-01 A 52.022.5012.89 8.18 0.13 7.51 12.90 1.91 0.38 0.34 881 200 98.87 1
FB-02 A 50.922.8112.93 9.24 0.21 8.25 12.10 1.61 0.28 0.46 1402 0 98.95 1
FB-03 A 51.432.8713.66 7.88 0.12 7.99 12.40 1.94 0.56 0.52 1322 300 99.53 1
FB-04 A 52.122.3412.82 8.73 0.21 7.85 12.57 1.92 0.37 0.40 1041 100 99.44 1
FB-05 A 52.172.3613.74 8.38 0.09 7.16 11.99 1.95 0.43 0.45 1161 500 98.89 1
FB-07 A 52.182.2113.69 8.62 0.15 7.79 13.36 1.89 0.49 0.49 1522 600 101.08 1
FB-08 A 49.352.8312.7111.83 0.22 7.54 11.72 2.07 0.72 0.51 961 300 99.63 1
Table 9.5. L8 glass inclusion (GI) geochemistry.
Major elements by EDS. All oxides in wt.% except S and Cl in ppm. Reported 
compositions are average of n replicate analyses. 
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EMP
Crystal Incl. SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl* Total n
FB-09 A 51.382.4512.60 8.28 0.13 8.23 12.69 2.05 0.29 0.81 1322 200 99.06 1
FB-11
A 50.152.8812.39 9.21 0.17 7.02 14.32 1.60 0.45 0.49 1722 500 98.90 1
B 49.542.8612.8012.19 0.15 6.21 12.96 1.90 0.65 0.41 721 300 99.77 1
FB-12 A 50.11 2.4912.8610.42 0.22 7.40 12.82 1.86 0.48 0.45 1041 300 99.24 1
DB-20 A 51.052.2512.7810.25 0.19 8.40 11.37 1.87 0.34 0.35 1442 500 99.04 1
DB-21 A 50.852.5313.4810.21 0.16 7.09 12.16 1.70 0.71 0.42 1562 500 99.52 1
DB-23 A 50.742.5813.17 9.65 0.10 8.24 11.06 2.19 0.65 0.54 1322 800 99.13 1
DB-01 A 46.592.7613.1410.58 0.17 6.96 15.59 1.26 0.41 0.76 1081 400 98.37 1
DB-02 A 48.482.8012.3911.51 0.21 8.05 11.39 1.86 0.71 0.50 1242 600 98.08 1
DB-12 A 50.292.2612.7110.64 0.18 8.22 11.61 1.74 0.36 0.43 1682 100 98.62 1
DB-15 A 51.072.3713.14 9.88 0.24 8.15 12.06 1.85 0.31 0.36 1482 700 99.65 1
DB-17 A 50.482.4713.0110.53 0.16 8.58 11.28 1.98 0.35 0.35 1762 100 99.38 1
Table 9.5 (continued). L8 glass inclusion (GI) geochemistry.
Major elements by EDS. All oxides in wt.% except S and Cl in ppm. 
Reported compositions are average of n replicate analyses. 
Table 9.6. L8 GI corrected for post-entrapment olivine crystallization.
Raw compositions (Table 9.5), recalculated using representative core olivine 
composition (Table 9.1) and PETROLOG software (Danyushevski, 2004). 
%PEC is amount of olivine added to GI to reach equilibrium.
Crystal Incl. SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl Total %PEC
E-01
A 49.053.0413.5410.45 0.16 8.57 12.08 1.55 0.90 0.38 1534 366 99.91 0.1
C 48.332.68 11.5312.78 0.18 10.4210.98 1.80 0.67 0.40 872 528 99.91 7.0
E-02
A 51.642.1612.51 9.66 0.16 8.35 11.78 1.86 0.25 0.29 1216 120 98.79 0.0
B 48.932.74 11.8312.21 0.17 9.96 11.01 1.89 0.69 0.33 939 361 99.89 5.1
E-03
A 51.712.1312.54 9.71 0.21 8.26 11.78 1.79 0.23 0.34 1130 148 98.82 0.0
B 48.892.62 11.6512.43 0.21 10.1410.86 1.90 0.70 0.34 1237 363 99.90 5.8
E-04 A 48.242.16 11.5313.72 0.15 11.2010.09 1.80 0.53 0.32 1429 371 99.92 8.5
E-05 A 49.392.7612.3911.47 0.18 9.38 11.06 2.14 0.65 0.34 1043 457 99.91 2.8
E-07
A 50.412.7412.9110.40 0.17 8.53 11.77 1.94 0.51 0.41 948 352 99.92 2.5
B 48.672.77 11.7412.40 0.18 10.1210.92 2.01 0.67 0.31 917 183 99.90 7.0
C 51.902.3613.25 9.58 0.17 7.93 11.77 2.03 0.44 0.40 1150 544 99.99 0.0
E-08 A 47.692.72 11.7311.87 0.20 9.66 13.90 1.20 0.43 0.29 1811 389 99.91 2.1
E-09 A 51.532.7313.49 8.05 0.12 6.61 14.22 1.76 0.78 0.47 1108 692 99.94 3.6
E-10
A 50.322.8413.02 8.99 0.15 8.74 12.21 1.70 0.29 0.43 1296 490 98.86 0.0
B 48.842.65 11.6812.48 0.09 10.1910.83 1.97 0.66 0.39 830 270 99.89 6.2
E-11 A 49.782.4213.36 9.42 0.16 7.97 12.35 1.81 0.25 0.26 1355 98 97.92 0.0
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Table 9.6 (continued). L8 GI corrected for post-entrapment olivine 
crystallization.
Crystal Incl. SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl Total %PEC
E-12
A 49.322.7613.28 9.70 0.23 8.22 12.26 2.12 0.09 0.23 785 8039 99.09 0.0
B 49.602.6813.22 9.83 0.16 8.19 12.21 2.10 0.26 0.19 550 8186 99.31 0.0
C 49.632.4312.8910.72 0.14 8.80 12.08 2.02 0.17 0.14 2004 6996 99.92 1.9
D 49.632.5513.0710.58 0.10 8.68 12.28 1.94 0.14 0.24 1756 5244 99.91 2.0
E 51.063.0713.47 9.46 0.24 8.02 12.56 1.75 0.36 0.34 1531 490 100.53 0.0
F 51.022.8913.3910.06 0.17 8.64 12.71 2.11 0.10 0.25 1728 5490 102.05 0.0
E-14 A 49.263.0613.36 9.63 0.13 8.17 12.55 1.77 0.14 0.29 1845 3480 98.90 0.0
E-16 A 48.012.2112.80 9.09 0.14 8.18 12.77 1.73 0.37 0.10 569 10735 96.54 0.0
E-17 A 48.432.91 11.5512.25 0.20 9.97 11.34 2.00 0.65 0.47 1105 95 99.89 5.7
E-20 A 50.952.1913.2210.13 0.18 8.33 12.13 1.94 0.41 0.29 1095 405 99.92 1.7
E-21 A 47.902.72 11.6212.20 0.20 9.92 12.93 1.42 0.50 0.31 1505 395 99.91 3.7
F-02
A 49.442.4212.68 9.10 0.17 8.28 12.57 1.79 0.09 0.13 383 13825 98.08 0.0
B 49.832.5213.08 8.94 0.19 8.40 12.67 1.92 0.08 0.06 159 13363 99.05 0.0
C 49.552.4712.89 9.15 0.18 8.34 12.78 1.78 0.07 0.10 337 13363 98.70 0.0
D 51.222.6412.98 8.13 0.05 8.06 12.64 2.16 0.44 0.45 1269 247 98.91 0.0
F-05 A 51.782.7212.82 7.95 0.13 8.15 12.58 2.15 0.32 0.51 1189 99 99.25 0.0
F-07 A 51.212.5213.56 8.75 0.14 7.97 12.35 1.65 0.50 0.37 1442 99 99.18 0.0
F-13 A 48.712.74 11.8712.25 0.15 10.0011.24 1.81 0.69 0.29 800 500 99.88 7.0
FB-01 A 52.022.5012.89 8.18 0.13 7.51 12.90 1.91 0.38 0.34 881 200 98.87 0.0
FB-02 A 50.922.8112.93 9.24 0.21 8.25 12.10 1.61 0.28 0.46 1402 0 98.95 0.0
FB-03 A 51.432.8713.66 7.88 0.12 7.99 12.40 1.94 0.56 0.52 1322 300 99.53 0.0
FB-04 A 52.122.3412.82 8.73 0.21 7.85 12.57 1.92 0.37 0.40 1041 100 99.44 0.0
FB-05 A 52.172.3613.74 8.38 0.09 7.16 11.99 1.95 0.43 0.45 1161 500 98.89 0.0
FB-07 A 52.182.2113.69 8.62 0.15 7.79 13.36 1.89 0.49 0.49 1522 600 101.08 0.0
FB-08 A 48.822.65 11.9012.20 0.21 9.95 10.97 1.94 0.67 0.48 915 285 99.91 6.7
FB-09 A 51.382.4512.60 8.28 0.13 8.23 12.69 2.05 0.29 0.81 1322 200 99.06 0.0
FB-11
A 50.492.8612.32 9.40 0.17 7.68 14.24 1.59 0.45 0.49 1705 495 99.91 1.6
B 48.372.52 11.2912.92 0.13 10.5211.44 1.68 0.57 0.36 636 264 99.89 11.9
FB-12 A 50.062.4212.4910.69 0.21 8.75 12.45 1.81 0.47 0.44 1009 291 99.92 3.6
DB-20 A 51.492.2712.8810.34 0.19 8.51 11.46 1.88 0.34 0.35 1411 489 99.90 0.1
DB-21 A 50.582.4412.9810.51 0.15 8.62 11.71 1.64 0.68 0.40 1515 485 99.91 4.1
DB-23 A 50.742.5813.17 9.65 0.10 8.24 11.06 2.19 0.65 0.54 1322 800 99.13 0.0
DB-01 A 46.912.6512.6411.05 0.16 9.01 15.00 1.21 0.39 0.73 1022 378 99.89 5.3
DB-02 A 48.962.7312.0811.92 0.20 9.74 11.10 1.81 0.69 0.49 1214 586 99.90 4.3
DB-12 A 50.772.2512.6710.85 0.18 8.92 11.57 1.73 0.36 0.43 1699 101 99.91 1.6
DB-15 A 51.072.3713.14 9.88 0.24 8.15 12.06 1.85 0.31 0.36 1482 700 99.65 0.0
DB-17 A 50.732.4813.0510.60 0.16 8.71 11.31 1.99 0.35 0.35 1798 102 99.92 0.2
Raw compositions (Table 9.5), recalculated using representative core olivine 
composition (Table 9.1) and PETROLOG software (Danyushevski, 2004). 
%PEC is amount of olivine added to GI to reach equilibrium.
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9.3. Interpretation of L8 geochemistry
9.3.1. Petrologic relationships
 L8 matrix glasses generally occupy narrow compositional ranges for all major elements 
(Fig. 9.2). Matrix glass major element chemistry does not vary with stratigraphic level in the 
deposit, indicating that a single, homogeneous, tholeiitic magma body fed the entire eruptive 
sequence at site L8. This is consistent with the findings of Clague et al. (2003a) who presented 
microprobe data for glasses from the same deposit. Slight systematic variations in matrix glass 
chemistry (especially in SiO2, and Al2O3) lie along olivine control lines. Backward projections 
of olivine control lines in Fig. 9.2 intersect whole rock compositions, demonstrating olivine 
accumulation in the characteristically olivine-phyric lapilli. There is significant, but generally 
systematic, scatter in L8 GIs (Fig. 9.2). Although some of the L8 GIs plot along olivine control 
between the matrix glasses and whole rock analyses, there is significant deviation that follows 
the trend expected for variable crystallization of Cr-spinel for SiO2, FeO
T, TiO2, and CaO, but 
not for Al2O3. The source of this variation is not known. Spinel crystallization is expected to 
precede olivine crystallization in Lō`ihi magmas (Garcia et al., 1998, 2006). The systematic 
trends suggest that the variation may be related to minor crystallization of Cr-spinel or another, 
unobserved, Fe-oxide phase such as magnetite after entrapment, but the scatter may also capture 
the small-scale compositional heterogeneities that have been shown to exist in the Hawaiian 
plume (Ren et al., 2005), which are homogenized during eruption. 
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Fig. 9.2. Selected major element variation on MgO for L8.
GIs corrected for post-entrapment olivine crystallization (PEC). All analyses normalized to 100%, H2O and CO2 
free, total iron as FeOT. Solid arrows represent 15% fractionation of olivine in 5% increments. Dashed arrow 
represents 15% fractionation of Cr-spinel. Trends modeled using PETROLOG software (Danyushevsky, 2004)
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9.3.2. Degassing of L8 magma
 As shown and discussed in Part 2, the Poseidic magmas are inferred to have degassed in 
a closed, volatile-coupled system, which is distinctly different to the complex degassing history 
of effusive Lō`ihi pillow lava KK31-12. Since H2O and CO2 abundances were not measured 
in L8 inclusions, a similarly robust characterization of the degassing path is not possible. 
Significant information can, however, still be gained by examining sulfur concentrations in L8 
lapilli and GIs and H2O concentrations in L8 lapilli.
 A plot of S vs. FeOT for L8 glasses (Fig. 9.3) shows that all lapilli and IVE plot below 
the MORB Fe-S saturation curve  (Dixon et al., 1991), indicating shallow (e.g., shallow depths 
below vent, or syneruptive) degassing of sulfur (Hauri, 2002). L8 inclusions, however, are 
highly variable in Fe-S space, plotting variably above, on, and well below the saturation curve. 
This relationship suggests that the portions of melt entrapped as olivine-hosted inclusions were 
variably saturated in S at the time of entrapment. By assuming equivalent oxygen fugacity 
for all the L8 melt (Wallace and Carmichael, 1992), this variability in S can be attributed to 
entrapment of variably degassed melt, and suggests that the host olivine crystals were growing, 
and entrapping melt, over a large depth interval, including to very shallow conduit levels (Dixon 
et al., 1991; Hauri, 2002).
In his study of Lō`ihi pillow lava KK31-12 inclusions, Hauri (2002) noted that some 
inclusions had low S, suggesting degassing to low pressures, but high CO2, suggesting 
entrapment at high pressure. He reconciled this apparent paradox by suggesting that portions of 
melt degassed H2O, CO2 and S to low pressures, but then descended in the conduit in a process 
of vertical convection, during which they resorbed CO2 from deeper, degassing magma. While 
S is variable in L8 GI, vertical convection as described by Hauri (2002) cannot be assessed 
without H2O and CO2 data. The simplest alternative, is that portions of the L8 magma were 
Fig. 9.3. Dessing of sulfur in L8 magma.
S vs. FeT is plotted against the MORB FeS satu-
ration curve (Dixon et al., 1991). Analyses plot-
ting below the curve are interpreted as having 
degassed S in shallow storage.
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ascending sufficiently slowly to allow extensive olivine crystallization (with melt entrapment) 
even at very shallow depths. This slowly ascending or stagnated melt could then have been 
entrained in faster-moving, vigorously erupted melt rising rapidly from depth.  
 Residual H2O concentrations in matrix glass of L8 lapilli can be used in several ways to 
assess whether the bulk L8 melt degassed H2O before quenching (Fig. 9.4). 
When L8 lapilli saturation pressures (Psat) and H2O concentrations are plotted against H2O 
solubility curves (Fig. 9.4A), most of them plot between the 50 and 75 molar % CO2 isopleths. 
This relationship can be interpreted in two ways. If H2O saturation at depth is assumed, then 
the relationship in Fig. 9.4A suggests that exsolved CO2 in the system, either in mechanically 
coupled bubbles, or as permeably-fluxing decoupled volatile phase, facilitated the exsolution 
of H2O at higher pressures than predicted by the pure-H2O saturation curve (Holloway, 1976; 
Dixon and Stolper, 1995; Dixon et al., 1995; Dixon and Clague, 2001; Newman and Lowenstern, 
2002). If H2O undersaturation at depth is assumed, then no exsolution of H2O from the melt 
needs to have occurred for residual volatile contents to be lower than pure-H2O saturation. The 
latter scenario is more likely, since parental Hawaiian magmas are typically undersaturated in 
H2O (Dixon and Clague, 2001; Hauri, 2002). It is important to note, however, that the previously 
discussed Poseidic magmas at Lō`ihi (Part 2), for which volatile concentrations were measured 
in glass inclusions, were both H2O saturated at depth. 
Submarine lavas often retain volatile concentrations in equilibrium with saturation 
pressures (Psat) that are commensurate with the hydrostatic pressure at their depth of collection 
(Pcollect) (Dixon and Clague, 2001). The majority of L8 lapilli have Psat<Pcollect (Fig. 9.4B). This 
suggests that the L8 lapilli equilibrated to pressures lower than those of their final depositional 
depth. Lower pressures may have been achieved in a high subaqueous eruption plume, although 
the depth(s) of the L8 vent(s) at the time of eruption are not accurately known.
Since H2O concentrations in L8 lapilli were measured by FTIR, which yields information 
about both concentrations and speciation, the results can be compared to the theoretical water 
speciation curve (Fig. 9.4C; (Dixon and Stolper, 1995; Dixon et al., 1995; Newman and 
Lowenstern, 2002). Points lying below the curve suggest rapid exsolution of molecular H2O 
from the melt that was subsequently quenched before the remaining dissolved water could 
speciate to achieve equilibrium (Dixon and Clague, 2001). Most of the L8 lapilli plot near the 
water speciation curve (Fig. 9.4C), with a slight trend to below the curve. This suggests that 
there may have been minor amounts of H2O exsolution from the L8 melt immediately before 
quenching (e.g., syn-eruptively).
The final assessment of H2O degassing in the L8 magma involves a comparison of residual 
H2O content in lapilli glass, to the calculated bulk H2O content, following the calculation of 
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Fig. 9.4. Degassing of H2O in L8 magma.
A: Lapilli H2O concentrations and saturation pressures compared to H2O solubility curves. Curves modeled for 
basalt with 48 wt.% SiO2, 1200 
oC, using VolatileCalc (Newman and Lowenstern, 2002). “Pure H2O” curve is 
for case with no co-existing fluid phase. Other curves show effect of co-existing CO2+H2O fluids composed of 
50, 75, and 90 molar % CO2. B: Hydrostatic pressure at collection depth (Pcollect) vs. saturation pressure (Psat). C: 
Comparison of H2O speciation in L8 lapilli against the theoretical, equilibrium water speciation curve (Newman 
and Lowenstern, 2002). D: Bulk H2O (Equation 15.1) vs. residual H2O in L8 lapilli. 
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Dixon and Clague (2001). This calculation uses the equilibrium vapour composition, saturation, 
and vesicularity of each sample to determine the amount of water in vesicles, assuming perfect 
volatile-coupled degassing and the ideal gas law, by:
    (9.1)
where H2Obulk is the total amount of H2O (calculated similarly for CO2, both reported for lapilli 
in Table 9.3), f is the volume fraction of vesicles, rH2O is the density of H2O at the vent pressure 
and magmatic temperature (Lemmon et al., 2008), rDRE is the density of vesicle-free basalt, R 
is the universal gas constant, and H2Odissolved is the measured, residual H2O content of the lapilli 
matrix glass (Table 9.3). The amount of H2O degassed in a volatile-coupled system is equivalent 
to the difference between the bulk and residual H2O. For all L8 lapilli, the calculated bulk H2O 
is only marginally higher than the residual H2O (Fig. 9.4D), suggesting that only a very minor 
amount of H2O escaped fully from the L8 magma.
A combination of the relationships described above, and illustrated in Fig. 9.4, suggests 
that the L8 magma was undersaturated in H2O at depth, and that only a very small amount (<0.1 
wt.%) of H2O exsolved from the melt. This minor H2O exsolution appears to have occurred 
immediately prior to quenching, possibly syn-eruptively, and is not likely to have greatly 
influenced the eruption style.
9.4. Discussion of L8 geochemistry
 The narrow range of major element compositions for all lapilli matrix glasses indicates 
that the entire L8 eruptive stratigraphy represents a single batch of magma. This is consistent 
with the preliminary results given by Clague et al. (2003a) for this same deposit (their “Deposit 
D”), but is a non-trivial finding, considering that other bedded volcaniclastic sequences on the 
summit of Lō`ihi have been found to contain pyroclasts of widely varying compositions (Clague 
et al., 2000, 2003a), emplaced by sedimentation over thousands of years (Clague, 2009). The 
chemically monomict character of deposit L8 suggests continuous deposition from a single 
eruption, or a succession of eruptions that were fed by the same magma batch.
 Variability in GI compositions points to small scale geochemical heterogeneity in the 
magma storage and conduit system that fed the L8 eruptions. Hawaiian magmas are considered 
to be strongly heterogeneous, even on a centimetre scale (Ren et al., 2005), although the 
heterogeneity is usually eliminated in the final stages of magma ascent, resulting in chemically 
homogeneous bulk erupted melt (M.O. Garcia, pers. comm., 2009). Variability in Fe-S 
relationships in L8 GIs suggest that they represent melts entrapped at a wide variety of depths 
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in the magmatic system, including many that were shallow enough to have degassed significant 
amounts of S. 
 The range of sizes of olivine crystals in the L8 magma again indicates variable ascent 
rates, and continued crystallization in the shallow subsurface. Core compositions of small olivine 
crystals match with the rim compositions of larger crystals; the former indicating nucleation 
and growth of phenocrysts at shallow depths, and the latter indicating stagnation and overgowth 
at similar depths. 
 The above relationships all indicate variable ascent rates, which can possibly be 
explained by a parabolic ascent profile in the L8 eruptive conduit, as previously discussed in 
Chapter 8. Such a scenario would generate geochemical signatures consistent with variable 
ascent rates, at variable depths in-conduit.
 Since H2O and CO2 were not measured for L8 GI, the measure of water exsolution is 
based on comparisons of groundmass glass in lapilli to inferred original contents measured 
from GIs of related deposits. It remains unclear if magmatic H2O played a major, eruption-
style determining role at site L8. The variability in residual H2O contents, non-equilibrium 
speciation of H2O, saturation to pressures lower than ambient hydrostatic, and the agreement 
between calculated bulk H2O concentrations and residual H2O concentrations all suggest only 
minor degrees of H2O exsolution. This exsolution may have occurred at a late stage, perhaps 
syn-eruptively, immediately prior to quenching. If this is the case, the bulk of the bubbles in the 
L8 magma at the time of eruption must have contained a fluid dominated by supercritical CO2, 
which is not expected to have the potential to accelerate melt up a conduit nearly as quickly as 
magmatic water does (Papale and Polacci, 1999). 
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Chapter 10. L8 Melt segregation and Intra vesicular 
extrusions
10.1. Introduction
 In this chapter, the intra-vesicular extrusions (IVE) that were mentioned in Chapters 8 
and 9 are described, an assessment of how they formed is presented, and their implications for 
conduit processes at site L8 are discussed.
 IVE are common in L8 lapilli, and are related to so-called “segregation vesicles” (Smith, 
1967; Anderson Jr. et al., 1984; Bideau and Hekinian, 1984) that are common in L8 clasts. 
Segregation vesicles are one of a host of segregation structures of different scales, and form 
cylinders, sheets, and pipes. They generally form by the movement of residual melt through 
rigid but permeable networks of surrounding crystals (Smith, 1967; Anderson Jr. et al., 1984; 
Bideau and Hekinian, 1984; Goff, 1996; Rogan et al., 1996; Caroff et al., 2000; Merle et al., 
2005). Most commonly, the “residual melt” in segregation structures represents the evolved 
mesostatic silicate melt that results from partial crystallization of microlites and/or phenocrysts 
in magma chambers or lava flows (Anderson Jr. et al., 1984; Bideau and Hekinian, 1984; 
Rogan et al., 1996; Caroff et al., 2000; Merle et al., 2005). Mesostatic melt is mobilized, or 
physically segregated, in response to pressure gradients that develop within the bulk magma. 
These pressure gradients may develop by a drop in the internal pressure of vesicles (Smith, 
1967) or, more commonly, by localized increases in within-melt vapour pressure (Goff, 1996; 
Caroff et al., 2000; Merle et al., 2005). This process is commonly referred to as “filter pressing” 
(Anderson Jr. et al., 1984; Sisson and Bacon, 1999). Beyond the development of the segregation 
structures themselves, the most important consequence of melt segregation is in situ chemical 
fractionation of magma bodies, without physically removing crystals (Goff, 1996; Rogan et al., 
1996). The concept of melt segregation is applicable across a wide range of scales in volcanic 
systems, and is even inferred to drive wholesale differentiation and rejuvenation of silicic 
magma bodies (Sisson and Bacon, 1999; Bachmann and Bergantz, 2003).
 The IVE found in L8 lapilli and described in this chapter are inferred to have formed 
by a mechanism almost perfectly coincident with previous descriptions of melt segregation 
processes (Smith, 1967; Anderson Jr. et al., 1984), but their unique morphologies and 
geochemical relationships have specific implications for conduit dynamics during the eruptions 
that fed deposit L8.    
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Fig. 10.2. IVE under the binocular microscope.
Fig. 10.1. IVE host vesicles in thin section.
161
Part 3 Pyroclastic Deposit L8
10.2. IVE occurrence and morphology
Intra-vesicular extrusions (IVE) are small (50-200 mm) domains of hypocrystalline 
basaltic melt that are found in the vesicles of low and modal density L8 lapilli, regardless of 
stratigraphic position (Fig. 10.1). IVE occur exclusively in vesicles set in >~50 % crystalline, 
tachylitic groundmass; they do not occur in vesicles set in sideromelane. In clasts with a mixture 
of sideromelane and tachylite groundmass, the first appearance of IVE coincides with areas of 
patchy, vuggy, pseudo-spherulitic textures at the sideromelane-tachylite transition (Fig. 10.1). 
When present, IVE are ubiquitous throughout the tachylite zones of an individual clast.
Under the binocular microscope, IVE resemble nodules on the inner walls of their host vesicles 
(Fig. 10.2). Each host vesicle may contain any number of IVE, of varying sizes. In thin section, 
the brown sideromelane of IVE globules is conspicuous compared to the black tachylite 
surrounding host vesicles (Fig. 10.1). They do not appear to be limited to a certain size of host 
vesicle, and they have no apparent preferred orientation.
Individual IVE are droplet-shaped, consistent with formation by the extrusion of a viscous 
fluid through a small aperture, and are themselves internally vesiculated (Fig. 10.3). Observed 
deviations from the droplet-shape can be attributed to the orientation of each thin section plane 
with respect to the IVE axis of symmetry. When viewed along the axis of symmetry, IVEs 
always have a droplet shape, and their internal vesicles are elongate and contorted, extending 
from the surrounding groundmass glass, across the host vesicle boundary, and into the IVE (Fig. 
10.3). Host vesicle walls do not appear bowed or deformed in the areas adjacent to extrusion 
orifices, suggesting that they were rigid at the time of extrusion. 
Fig. 10.3. Photomicrographs of individual IVE in thin section. 
Red arrows indicate internal vesicles within IVE, white arrows indicate vugs in adjacent groundmass.
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10.3. IVE geochemistry
 In chapter 9, the major element composition of IVE globules from within five different 
L8 lapilli were presented (Table 9.4), and it was shown that for all major elements, IVE chemistry 
was not significantly different than bulk lapilli glass chemistry (Chapter 9). A closer look at the 
geochemical relationship between IVE and the bulk glass of their specific host lapilli is shown 
for CaO/Al2O3-MgO space (Fig. 10.4), which clearly discriminates between trends of olivine, 
clinopyroxene, and plagioclase fractionation.
 In Fig. 10.4, trends for 3% crystallization of each mineral phase are shown in 1% 
increments. Four out of five of the IVE-bulk melt pairs indicate that IVE composition can be 
generated by ~2-4 % clinopyroxene fractionation from the bulk melt, although the analyses 
are in fact within analytical error of each other. Even if the IVE is considered to be a slightly 
more evolved daughter of the bulk melt, it is clear that the melt that formed the IVE globules 
is not a mesostatic residual melt formed by extensive (>50%) groundmass crystallization. 
Significantly evolved compositions are a feature of segregated melts in all previous descriptions 
(Anderson Jr. et al., 1984; Bideau and Hekinian, 1984; Goff, 1996; Caroff et al., 2000; Merle et 
al., 2005).  
The development of evolved mesostatic fluid is a key feature in the original mechanism 
of filter pressing, which relies on residual melt becoming enriched in incompatible magmatic 
water through extensive differentiation, that in turn increases vapour pressures (Anderson Jr. 
et al., 1984; Sisson and Bacon, 1999). Even if the slight cpx fractionation trends shown in Fig. 
10.4 are real, the fractionation of ~2% of any anhydrous mineral would only result in a ~0.1 % 
increase in H2O concentrations in the residual melt, which would be insufficient to create large 
pressure differentials. Thus, the IVE observed in L8 lapilli do not represent any significant form 
of in-situ magmatic differentiation, and cannot have been driven by crystallization-induced 
filter pressing. 
Fig. 10.4. Geochemistry of IVE and bulk 
glass in their host lapilli.
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10.4. Mechanism of IVE formation
IVE formation is interpreted as a 5-step process, illustrated in Fig. 10.5, with critical 
details about the relative timing of individual steps inferred from different textural features. The 
description is nearly identical to those of Smith (1967) and Anderson Jr. et al. (1984), but with 
significant differences in relative timing and driving forces. 
(1) Magma ascent and a degree of decompression into the shallow volcanic conduit 
induces volatile supersaturation in the bulk, microlite-free melt, which is required to drive 
nucleation and growth of a first generation of vesicles (Hirth et al., 1970). It is this first population 
of vesicles that later becomes IVE hosts. The sub-spherical shape and relatively large (up to 
~5 mm) sizes of some host vesicles suggest a long growth history, under diffusion-limited 
degassing conditions (Navon et al., 1998; Gonnermann and Manga, 2007). Either the large size 
is obtained by unrestricted decompressive and diffusive growth, or alternatively by coalescence 
(Cashman and Mangan, 1994), but with sufficient time for coalesced vesicles to have relaxed 
back to sub-spherical shapes under capillary action (Proussevitch et al., 1993). 
(2) Initial vesicle growth in the L8 magma was followed by the onset of microlite 
crystallization. When viewed by SEM (Fig. 8.8) or in thin section (Fig. 8.9), microlites at the 
sideromelane-tachylite transition appear to have grown with spherulitic habits (e.g., Lofgren, 
1971b), culminating into dense spherulitic textures in advanced tachylite zones. Partially 
heterogeneous nucleation of microlites at vesicle walls (Smith, 1967) assisted in preserving the 
subspherical vesicle shapes. 
(3) Continued microlite growth developed tachylite, composed of variably 
interconnected, rigid but permeable networks of microlites, that physically “lock-in” the host 
vesicle sizes and shapes (Anderson Jr. et al., 1984). Although spherulitic microlite formation 
can be a devitrification process (Lofgren, 1971a, 1971b, 1974; Kirkpatrick, 1978; Castro et al., 
2008; Watkins et al., 2009) or a primary, sub-solidus process (Monecke et al., 2004), the latter 
how the IVE-bearing L8 microlites formed, because they grew to sufficient density to lock-
in host vesicle walls while IVE melt was still in a liquid state that was subject to subsequent 
mobilization through permeable pathways in the microlite network.
(4) The key to determining the driving force behind IVE mobilization is in the 
observations that they are ubiquitously internally vesiculated, with these internal vesicles 
extending from outside host vesicles, across host vesicle walls, and into IVE (Fig. 10.3). This 
indicates that IVE extrusion was driven by a second, distinct vesiculation event that post-dated 
initial vesicle growth and microlite crystallization. Nucleation of these second-generation 
vesicles would have require that remaining, hypocrystalline melt again became supersaturated 
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Fig. 10.5. Schematic, step-wise mechanism of IVE formation.
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in volatiles, although since nucleation would have been dominantly heterogeneous, occurring at 
melt-microlite interfaces, the degree of supersaturation need not have been as high as for initial, 
homogeneous nucleation in step 1 (Hirth et al., 1970; Gardner and Denis, 2004). As seen in Fig. 
10.4, IVE are not significantly evolved compared to the bulk melt in their host lapilli, so volatile 
supersaturation is unlikely to have been achieved by crystallization, as has been regularly 
described for classical segregation vesicles (Anderson Jr. et al., 1984; Bideau and Hekinian, 
1984; Goff, 1996; Caroff et al., 2000; Merle et al., 2005). Instead, supersaturation was likely a 
consequence of the bulk L8 melt experiencing depressurization, during acceleration upward in 
the conduit at the onset of eruption.
(5) Growth of the secondary vesicles, physically restricted by the rigid microlite network, 
eventually drove IVE formation. Once nucleated, initial vesicle growth is exponential, and is 
viscosity-limited, with efficient diffusion into the vesicles generating large internal pressures 
(Navon et al., 1998; Bai et al., 2008). After the first few seconds of vesicle growth, diffusion 
becomes the rate-limiting process, growth decelerates, and internal pressures decrease (Navon 
et al., 1998). The consequence of this relationship is that the large (diffusion-limited) host 
vesicles would have had lower internal pressures than the freshly nucleated (viscosity-limited) 
ones. Initial growth of secondary vesicles would take two forms, depending on the position of 
each vesicle within the rigid but permeable microlite network. Where bounded on all sides by 
densely crystallized melt, vesicles would not be able to grow effectively, because the microlites 
would provide a physical barrier to melt displacement. In this case, the vesicles would likely 
grow into the tortuous, vuggy shapes observed in the tachylitic groundmass of L8 lapilli (Fig. 
8.9, 10.1). Where a new, exponentially growing vesicle was adjacent to a comparatively low-
pressure host vesicle, it would grow preferentially in that direction, displacing surrounding melt 
in a viscous Poissellian flow across the locked-in host vesicle wall, to form an IVE droplet.
Rapid quenching followed IVE penetration, because they are preserved in delicate, 
microlite-free forms. This suggests that their formation immediately preceded quenching of 
fragments by seawater, and is consistent with the secondary volatile supersaturation/ vesicle 
nucleation event being driven by decompression that was syneruptive. Microlite growth 
could have continued post-IVE extrusion, or even post-eruption, variably overprinting patchy 
tachylite textures. This could explain why IVE are found even in clasts with entirely crystalline, 
advanced tachylite groundmass, because according to the model above, the extrusion itself 
would have occurred while patches of microlite-free melt still existed in the clasts.
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10.5. Interpretation of IVE
 The IVE that are present in the majority of low and modal density L8 clasts are interesting 
by virtue of their unique morphologies, but it is the specific set of circumstances and timing 
required for their formation that holds significance for interpreting eruption dynamics at deposit 
L8. Specifically, an assessment is required of what conduit and/or eruptive conditions could 
induce the five-step mechanism for IVE formation outlined above.
 The initial growth of host vesicles into sub-spherical shapes is likely a product of magma 
ascent and partially volatile-coupled degassing in a diffusion-limited regime. Spherulitic 
microlite growth that locked in host vesicle shapes must have occurred in-conduit, because the 
(essentially) non-differentiated melt that was mobilized into IVEs was still well above its glass 
transition temperature even after a dense microlite network had developed. Furthermore, the 
irregular patterns of microlite crystallization suggest that cooling fronts were irregular, possibly 
made so by small scale convective churning of melt in the conduit. These observations strongly 
suggest a relative stagnation of the melt in-conduit, with microlites nucleating and growing 
due to cooling, rather than decompressive dehydration. For IVE to have formed in stagnated, 
crystallizing magma, as previously described for mechanistically similarly-formed segregation 
vesicles (Smith, 1967; Anderson Jr. et al., 1984), significant volatile partitioning into residual melt 
would have to have occurred. As seen in Fig. 10.4, however, mobilized IVE melt is essentially 
non-differentiated from bulk melt, so that while a small amount of volatile partitioning likely 
occurred, it would have been minor in magnitude and influence. The stagnated, crystallizing 
magma must have experienced depressurization, to allow secondary nucleation of vesicles, and 
IVE mobilization. It is unclear if this depressurization was a discrete event, or if it coincided 
with some form of “runaway nucleation” (Cashman and Mangan, 1994) in the shallow conduit. 
Regardless, such depressurization can most plausibly be attributed to the onset of eruption, 
by processes preceding and not driven by IVE formation itself. Triggering of intra-vesicular 
extrusion by eruption onset is likely (and should have included vesicle nucleation or growth 
across the magma batch) because extrusion must have been followed rapidly by clast quenching 
in order for droplet shapes to be preserved, and before the extruded melt relaxed back to form 
thin coatings along vesicle walls. The presence of IVE thus indicates a complex history of 
ascent in the conduit, summarized as: (1) Initial ascent and degassing; (2) slowing or stagnation 
and onset of groundmass crystallization; (3) acceleration toward vent and mobilization of IVE 
melt; and (4) ejection from the vent and rapid quenching in contact with seawater.
 The observation that IVE are not present in sideromelane-hosted vesicles that would have 
lacked rigid walls, nor in vesicles within high density clasts is consistent with a conduit that is 
zoned with respect to velocity profile. Melt at the core of the conduit would not crystallize, and 
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thus not lock in initial vesicle textures so that additional depressurization would allow “normal” 
vesicle evolution to proceed, while melt at conduit margins would not rapidly accelerate toward 
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Chapter 11. L8 Summary and Conclusions
 Evidence compiled from the textural analysis of pyroclasts, the geochemical 
relationships, and the analysis of intra-vesicular extrusions suggest together that the ascent 
of L8 magma was characterized by complex changes in ascent rate influencing the patterns of 
vesiculation and microlite crystallization. A simplified view of how this could be expressed is 
of having a conduit with parabolic velocity profile, and consequent across-conduit variations in 
vesicularity and crystallinity, as described in the preceding Chapters 8-10. Such a scenario is not 
inconsistent with previous interpretations of conduit profiles for subaerial basaltic volcanoes, 
particularly for eruptions of Strombolian style (Taddeucci et al., 2004; Lautze and Houghton, 
2005).   
The exact style of eruption that produced the L8 deposit is still not known, because there 
is no hard evidence for what fragmented and drove the magma out of the vent. For the Poseidic 
deposits (Chapters 2 to 7), the northern and southern cone melts were clearly driven quickly 
and directly from source-to-vent by volatile-coupled exsolution of CO2 and H2O. This is not the 
case for the L8 magma, for which all evidence points to significant periods of magma stagnation 
in the shallow subsurface, with comparatively minimal vesiculation and only minor exsolution 
of magmatic H2O.
A possibility is that eruption of the L8 magma was driven by the ascent of decoupled 
slugs of exsolved magmatic volatiles, which would probably have been dominated by CO2, 
necessarily in a supercritical state. Passage of such decoupled slugs is analogous to conduit 
processes in one of two widely accepted models for the subaerial Strombolian style of eruption 
(Blackburn et al., 1976; Wilson and Head, 1981; Parfitt, 2004). It is with significant trepidation, 
however, that I even mention the word “Strombolian” in connection with the L8 deposit. 
The invocation of a submarine Strombolian eruption style has been used widely to describe 
submarine explosive eruptions, including at Lō`ihi (Clague et al., 2003b, 2008; Davis and 
Clague, 2006; Sohn et al., 2008), based largely on the theory that Strombolian eruptions allow 
for accumulation of large volumes of volatiles from volumes of magma that are never actually 
erupted (Head and Wilson, 2003). This follows the other accepted model for Strombolian 
eruptions, in which bubbles accumulate as a foam at the top of a magma chamber which then 
collapses to release one or more large slugs of buoyant volatile fluids that rise up through a 
stagnated conduit-filling magma to burst at the surface (Jaupart and Vergniolle, 1988; Vergniolle 
and Mangan, 2000). Unfortunately, passage of the decoupled slugs cannot be directly assessed 
from any textural parameters preserved in pyroclastic deposits or the pyroclasts themselves: 
the slugs would burst at the vent, with their constituent fluids dispersed in the water column. It 
Part 3 Pyroclastic Deposit L8 
170
can be argued that invocation of a Strombolian mechanism for the L8 deposit, or for any other 
submarine pyroclastic eruption that has not been directly observed, is to enter into the realm of 
conjecture. 
That said, were buoyant slugs of decoupled magmatic volatiles ascending through 
the L8 conduit, they would have had the potential to entrain L8 melt from across the conduit 
width- including hypocrystalline melt from the centre of the conduit (preserved as modal 
density sideromelane clasts), crystalline melt from the conduit margins (preserved as high 
density tachylite clasts), and melt from intermediate zones (preserved as variably tachylitic, 
IVE-bearing clasts). There is another reason to discount Strombolian eruptions as the source of 
L8, because the entire summit of Lō`ihi is significantly deeper than the ~730 m critical depth 
of CO2. This means that magmatic CO2 in decoupled slugs would exist in a relatively dense 
supercritical fluid phase (Lemmon et al., 2008) that would exert limited buoyancy force on their 
host melt, and would need to be very large to buoyantly decouple from the melt and rise with 
any appreciable velocity. Expansion at the vent would also be limited, reducing the ability of 
the slugs to fragment and disperse fragments explosively.
Until the degassing history of the L8 magma can be more rigorously constrained, the 
eruption style shall remain unknown. It is clear, however, that the L8 magma did not ascend, 
degas, and vesiculate in the same style as the northern and southern cone Poseidic magmas 
presented in Part 2. Strombolian bursts remain a plausible mechanism for driving the L8 
eruption(s), and explain the varied L8 fragments. It is not a proven scenario, however, and 
would require significant (and perhaps unreasonable) extraction of magmatic volatiles from 
unerupted magma at depth.     
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Part 4. Non-explosive volcaniclastic particles
Chapter 12. Hydrovolcanic Limu o Pele
12.1. Introduction
Deep-sea limu o Pele are enigmatic shards of basaltic glass produced during submarine 
eruptions. They were first described, though not termed “limu” at the time, in hyaloclastites 
on off-ridge seamounts (Lonsdale and Batiza, 1980; Batiza et al., 1984), and were later 
named (Clague et al., 2000) after the well understood, and morphologically similar littoral 
(e.g., “shoreline”) limu o Pele, or “Pele’s seaweed” (Hon et al., 1988). Littoral limu forms 
hydrovolcanically at the ocean entry of Kīlauea volcano, where flowing lava entraps domains of 
seawater that is ponded on the lava bench (Mattox and Mangan, 1997). The entrapped seawater 
becomes superheated, and expands dramatically through the liquid-vapour phase transition, 
driving expansion of a thin film of incandescent melt, or a “limu bubble,” from the surface of 
the flow. At atmospheric pressure, littoral limu bubbles may achieve diameters up to several 
tens of metres in only a few seconds before rupturing due to overexpansion (Mattox and 
Mangan, 1997). Littoral limu particles are quenched portions of these highly stretched melt 
films or bubbles, and are deposited along with spatter and minor amounts of Pele’s hair on the 
coastal bench. Although the name “limu o Pele” was first applied to particles formed in the 
littoral environment (Hon et al., 1988), deep sea limu have since become of wider interest and 
discussion in the study of submarine volcanoes, because they are now being routinely found in 
seafloor deposits throughout the world’s oceans (e.g., Clague et al., 2008).
In this chapter, the terms “limu” or “limu o Pele” are used in reference to deep sea 
limu o Pele particles, and “littoral” is specified when referring to processes at the coastline 
of Kīlauea. The term “limu bubble” is used interchangeably with “(expanding) melt film,” 
referring to the melt that eventually ruptures or fragments to create limu shards. Such discrete, 
singular bubbles are distinguished from vesicles or larger bubbles within melt-hosted bubble 
dispersions (or “foams”), however formed.    
Recognizing the morphologic similarity of deep sea and littoral limu, Maicher et al. 
(2000) and Clague et al. (2000) inferred that the same littoral hydrovolcanic process observed 
at Kīlauea’s coastline also generated deep sea limu, and the process was quantified for limu 
in hyaloclastites at Seamount Six, Cocos Plate by Maicher and White (2001). Reduced limu 
bubble size in the deep sea (Clague et al., 2000; Maicher and White, 2001) as compared to in the 
littoral environment, was considered to be a consequence of the reduced expansion of seawater 
at high hydrostatic pressure. 
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 The hydrovolcanic mechanism of limu formation was reevaluated when limu shards 
were collected in sediment at 2595-3853 mbsl near the Gorda mid-ocean ridge (Clague et al., 
2003b). At hydrostatic pressures greater than the ~ 3 MPa (~ 3 km depth) critical pressure of 
seawater (Bischoff and Rosenbauer, 1988), superheated water exists as a supercritical fluid 
rather than vapour (e.g., Arai et al., 2002). Clague et al. (2003b) suggested that the lack of a 
liquid-vapour phase transition at these depths precluded the voluminous expansion required 
to inflate limu bubbles. They presented an alternative mechanism of limu formation, where 
magmatic CO2 accumulates and decouples from melt at depth, eventually bursting through a 
free surface at submarine vents in mild, “strombolian-like” activity. Since this mechanism was 
first proposed, limu have been discovered at many abyssal locations, including: the North Arch 
Volcanic Field, Hawai`i (Davis and Clague, 2006); the Gakkel Ridge, Arctic Basin (Sohn et 
al., 2008); and at hundreds of locations along the mid-ocean ridge system (Clague et al., 2008). 
Because many of these sites are well below the critical depth of seawater, the authors have all 
invoked the magmatic mechanism for limu formation.
The hydrovolcanic and magmatic mechanisms of deep sea limu o Pele formation 
have fundamentally different implications for the interpretation of submarine volcaniclastic 
deposits. While the hydrovolcanic mechanism envisions limu as secondary products commonly 
produced from effusive eruptive products, the magmatic model envisions limu as a primary 
product of magmatic volatile-driven explosive eruptions. The wide distribution of limu o Pele 
at submarine basaltic volcanoes worldwide (Clague et al., 2008) demonstrates that they are 
a common product of submarine volcanoes; they thus offer insight into general processes of 
basaltic seafloor eruptions. This chapter covers observations from a newly discovered, very 
limu-rich deposit at Lō`ihi Seamount. Features of the deposit point to a hydrovolcanic limu 
origin, and have inspired this review and re-evaluation of submarine limu o Pele.
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12.2. Limu collected in 2006
During the Lō`ihi 2006 dive series, some of the sites described in the pioneering 
investigation of summit primary volcaniclastic deposits by (Clague et al., 2003a), which 
underpins the present investigation, were revisited. Dive time concentrated on in situ 
examination and thorough sampling of a few well-characterized deposits in order to maximize 
the ability to interpret the processes that formed them. Sampling specifically targeted potential 
submarine pyroclastic deposits, specifically coarse-grained material, and attempts were made to 
avoid deposits that were in immediate (a few metres) proximity to, or directly downslope from, 
effusive units. Limu o Pele was only recovered from one of the seven major deposits sampled in 
the dive series (Figs. 1.5 and 12.1), and only when sampling deviated from the flow-avoidance 
methodology described above. The site lies along strike from “Deposit G” of Clague et al. 
(2003a) (Fig. 12.1).
Fig. 12.1. Bathymetry of limu-rich deposit.
Enlarged from dashed box in Fig. 3.2. Sample location 
marked by white star.
Black star marks approximate location of “Deposit G” 
from Clague et al. (2003a) 
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12.3. Limu o Pele Deposit
12.3.1. Site Description
 Clague et al. (2003a) describe “Deposit G” as “an 11 metre thick exposure of layered 
volcanic sediments overlying pillow lava”. According to the Pisces IV navigation system, 
the deposit described here is tens of metres along topography from “Deposit G” and its 
characteristics match with the description above, except that the observed thickness of the 
volcaniclastic unit did not exceed 5 m, and was underlain by fractured sheet flows rather than 
pillow lava. Sharp variations in total deposit thickness over short distances largely reflect 
underlying lava topography, which explains the variability in deposit thickness. The site was 
visited on 2 separate dives (P4-162 and P4-164), with the sediment scoop (see Fig. 1.7) used to 
collect a series of 13 samples over the depth interval 1052-1047 mbsl (see Table 3.1).
 The ~ 3 m thick basal sheet flow unit contains a limu-dominated ash lens, the focus of 
this chapter, which in outcrop is isolated from the thick upper sequence of volcaniclastic layers 
(Fig. 12.2). The basal unit consists of interleaved, highly fractured and contorted sheet lavas, 
with individual thin sheets typically < 10 cm thick. Dark pockets of ash form lenses between 
the individual contorted lavas. In only one observed location was the ash concentrated in a lens 
sufficiently large to be easily sampled with the Pisces IV sediment scoop. Directly overlying the 
fractured sheet lavas, and separating this ash lens from the overlying lapilli-ash volcaniclastic 
layers is an intact lava flow ~ 10 cm thick (Fig. 12.2).
12.3.2. Componentry
 Ash componentry was determined for 9 samples representing the stratigraphy of the 
sample site. For the < 2 mm (smaller than -2 Φ) fraction in each of 8 samples taken at different 
stratigraphic heights through the volcaniclastic beds, and for unsieved material from the ash 
lens (which was all < 2 mm), componentry was determined by point counts of >400 grains per 
sample under a binocular microscope (Fig. 12.3). Components are divided into 5 categories: 
dense blocky glass particles, free olivine crystals (± glass selvages), rare coarsely vesicular 
scoria grains, limu o Pele of varying morphologies, and non-juvenile grains (Fig. 12.3). The non-
juvenile category is dominated by hydrothermally altered grains. Limu are present throughout 
the bedded volcaniclastic samples, but are rare, with a maximum of 6% in sample 162-2-A, the 
sample taken immediately above the intact sheet flow, and then varying from 2-4% in the other 
samples. In all bedded volcaniclastic samples, the proportion of non-juvenile components is 
greater than or equivalent to the proportion of limu. In contrast to these volcaniclastic beds, the 
limu lens contains 19% dense glass particles, 3% non-juvenile grains, and 78% limu of varying 
morphology.
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Fig. 12.2. Stratigraphy of the 
limu-rich deposit.
Basal 3m of the study site is shown, 
assembled as mosaic of video 
framegrabs collected with Pisces 
IV cameras. Bedded volcaniclastic 
sequence continues out of frame to 
shallower depths.
Fig. 12.3. Ash componentry.
Legend includes binocular microscopic images 
of the ash components. Samples are listed in 
relative stratigraphic position, but depths are 
accurate only to the nearest 1 m, and extend 
to shallower depth (1047 mbsl) than shown in 
Fig. 12.2. Percentage of limu in each sample is 
shown for quick reference.
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12.3.3. Glass Chemistry
 Glass with a wide range of compositions has been discovered on Lō`ihi, especially in 
volcaniclastic deposits (Moore et al., 1982; Clague et al., 2000, 2003a; Garcia et al., 2006). This 
compositional diversity means that major element glass chemistry can be used to determine 
the probability that suites of glass fragments are comagmatic. Clague et al. (2003a) provided 
microprobe analyses for more than 1000 glass fragments of varying morphology from “Deposit 
G”, and discovered a wide range of compositions in total alkali-silica space (Fig. 12.4). To test 
for compositional variability in the limu rich ash lens, ten limu o Pele and ten dense glass shards 
randomly selected from the lens were analyzed (Table 12.1). Both the limu and dense glasses 
are transitional tholeiites, with compositions that are identical within analytical uncertainty, 
suggesting that all the limu and dense glass within the lens are comagmatic. They plot within 
the wide range of compositions determined for the entire volcaniclastic sequence (Clague et 
al., 2003a; grey field in Fig. 12.4). Unfortunately, no samples of the underlying thin sheet flows 
were obtained for comparison.
Particle SiO2 TiO2 Al2O3 FeO
T MnO MgO CaO Na2O K2O P2O5 S Cl Total n
Limu in ash lens
LL-01 47.092.5213.8211.57 0.09 7.42 12.96 2.54 0.56 0.93 339 667 99.65 3
LL-02 47.012.5813.9511.39 0.09 7.01 13.04 2.62 0.57 0.89 615 233 99.33 3
LL-03 47.062.3913.7011.68 0.17 7.45 13.03 2.47 0.55 1.16 428 400 99.80 3
LL-04 46.482.3913.4211.86 0.11 7.25 12.86 2.38 0.58 1.25 758 467 98.82 3
LL-05 47.132.3713.2912.01 0.13 8.16 12.51 2.47 0.54 1.03 562 533 99.82 3
LL-06 46.812.4213.8411.69 0.09 7.16 12.82 2.44 0.60 1.03 508 567 99.10 3
LL-07 46.862.3913.7511.42 0.04 7.38 13.11 2.40 0.62 0.88 624 800 99.08 3
LL-08 46.912.50 14.1111.66 0.07 6.82 13.04 2.56 0.59 1.07 687 733 99.57 3
LL-09 47.162.3513.8411.45 0.08 7.14 12.99 2.41 0.60 0.93 678 467 99.17 3
LL-10 46.642.4813.6111.43 0.04 7.26 12.87 2.38 0.60 1.64 535 467 99.14 3
Dense grains in ash lens
LD-01 46.712.4213.7212.04 0.06 7.24 12.84 2.35 0.54 1.30 428 533 99.38 3
LD-02 47.102.8314.6412.43 0.11 6.05 11.67 2.68 0.63 0.92 615 367 99.25 3
LD-03 46.762.4013.7411.69 0.08 7.27 12.68 2.49 0.60 1.02 562 433 98.92 3
LD-04 46.832.6414.6311.81 0.15 6.10 11.64 2.65 0.65 1.07 1052 633 98.49 3
LD-05 46.592.5113.7811.79 0.11 7.02 13.04 2.33 0.56 1.20 508 767 99.12 3
LD-06 46.752.5713.7011.58 0.12 7.34 12.72 2.63 0.57 1.33 678 667 99.55 3
LD-07 46.922.5213.8411.68 0.12 7.16 12.94 2.47 0.63 1.15 517 500 99.61 3
LD-08 47.242.5514.1011.63 0.06 6.94 12.92 2.47 0.61 0.62 544 400 99.32 3
LD-09 46.012.3713.6611.52 0.12 7.18 12.82 2.45 0.54 1.61 562 700 98.48 3
LD-10 46.722.3913.6011.81 0.11 7.38 12.97 2.56 0.57 1.05 482 533 99.34 3
Major elements by EDS. All oxides in wt.% except S and Cl in 
ppm. Average of n analyses on each particle.
Table 12.1. Geochemistry of limu lens components.
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Fig. 12.4. Total alkali vs. silica diagram for limu 
lens.
Limu (red triangles) and dense glass (blue circles) 
from within limu-rich ash lens (Table 12.1), compared 
against range of glass compositions reported for over-
lying volcaniclastic layers (grey field; Clague et al., 
2003a). Alkalic/ tholeiitic transition after MacDonald 
and Katsura (1964). Each point is mean of 3 micro-
probe analyses, normalized to 100 %, volatile-free.
12.4. Limu Morphology
 Deep sea limu o Pele are commonly described as “bubble walls” (Lonsdale and Batiza, 
1980; Clague et al., 2000). It is important to note, however, that limu do not appear to be the walls 
of vesicles in a typical magmatic colloidal bubble dispersion (“foam”), but rather the stretched 
and wrinkled remnants of isolated, individual bubbles, more akin to bubble-gum bubbles than 
to vesicles within a foam (Clague et al., 2000, 2003b; Maicher et al., 2000; Maicher and White, 
2001; Davis and Clague, 2003). The abundance and excellent preservation of limu in this 
Lō`ihi sample allows the shards to be divided into morphological subtypes representative of 
different parts of rupturing melt films. Since the expansion of deep-sea limu bubbles is limited 
by hydrostatic pressure and accelerated cooling rates (Potuzak et al., 2008), there is a significant 
scale difference between littoral and deep-sea limu bubbles, the latter of which are estimated on 
the basis of fragment curvature to be on the order of a few centimetres in diameter (Clague et 
al., 2000; Maicher and White, 2001; Davis and Clague, 2006). Despite differences in scale and 
environment, the general burst dynamics of isolated bubbles are presumed to be similar. Littoral 
limu bubbles at Kīlauea Volcano evolve from nearly spherical bubbles with walls of fairly even 
thickness, to bubbles with uneven or partially retracted walls connected by polyhedral webs of 
melt, to complete disintegration (Fig. 12.5); by analogy, 4 morphologic subtypes of deep-sea 
limu are defined: thin film, plateau border, convex film, and Pele’s hair (Fig. 12.6).
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12.4.1. Thin film limu
 Thin film limu (Fig. 12.6A-C) are the most common fragments in the limu-rich lens 
and in the bedded volcaniclastic deposits. They are irregular in shape, < 10 microns thick, with 
edges that have failed in an entirely brittle manner. The degree of stretching in these shards 
is variable, as indicated by the aspect ratios of sparse small vesicles on their surfaces (Fig. 
12.6C). Sub-parallel folds on the surface of many thin-film limu (Fig. 12.6A) are interpreted 
to be wrinkles created during ductile film retraction, as demonstrated for the crumpling of bare 
viscous films (Debrégeas et al., 1998). The thin film limu are the most similar to typical flakes 
of littoral limu, and are taken to represent the portions of a ruptured limu bubble that have just 
barely remained intact, or have partially retracted during the last stages of stretching before 
rupture. In Fig. 12.5, they are likened to the stretched melt midway up the rupturing littoral limu 
bubble.
12.4.2. Plateau-border limu
 Plateau-border limu are elongate, but curved in various shapes, and have along-axis, 
smooth parallel wrinkles indicative of relaxation following intense stretching (Fig. 12.6D-E). 
Edges of the plateau border limu have variable textures, including ragged edges where film limu 
have broken away in a brittle fashion, and very smooth edges, where melt has likely relaxed 
and retracted while still molten, leaving a film remnant (see Fig. 10 of Mangan and Cashman, 
1996). Most of the plateau-border limu have well preserved attachment points (Fig. 12.6D-E), 
indicating where the shards have broken from thickened melt networks in a brittle fashion. 
This type of limu was not seen in any of the bedded volcaniclastic samples. These shards are 
interpreted as representing portions of the web-like net of attenuated melt that develops in the 
wall of an unevenly stretching, expanding bubble (Fig. 12.5). 
Fig. 12.5. Bursting littoral limu o Pele bubble at 
Kīlauea volcano, Hawai`i. 
An analogue for deep-sea limu formation. Note 
the uneven stretching and web-like melt structure. 
Labels indicate the parts of a bursting bubble that 
are rapidly quenched and preserved as different 
deep sea limu morphologies. USGS photo by J.D. 
Griggs, 10/5/1988.
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Fig. 12.6. Types of deep sea limu o Pele.
A-C: thin film limu, arrows indicate folds. D-E: plateau border limu. F: detail of E. G-I: convex film limu. J-K: 
Pele’s hair. L: Detail of J.
Part 4 Limu o Pele
180
12.4.3. Convex film limu
Convex film limu are elliptical shards that show no signs of deformation other than 
initial limu bubble expansion (Fig. 12.6G-I). They resemble broken shards of a light bulb, and 
provide compelling morphological evidence for an origin in isolated, individual limu bubbles. 
They are common in the limu-rich lens, and are a rare component in the bedded volcaniclastic 
layers. By using colour as a proxy for thickness under the binocular microscope (Fig. 12.6G), it 
is evident that the convex film limu are thinnest at their centres, and are entirely surrounded by a 
thickened melt rim. This observation and the presence of ragged edges around the rims indicate 
that convex film limu are equivalent to thin film limu preserved inside an intact, elliptical, 
plateau-border. These shards are linked to zones of more homogeneous, and probably less 
extensive melt stretching, representing less-expanded portions of a melt film, such as near their 
inflation orifice, or to smaller limu bubbles (Fig. 12.5).
12.4.4. Pele’s hair
 Pele’s hair fragments are highly elongate, thin, smooth shards (Fig. 12.6J-K). They 
differ from the plateau border limu in that they are generally straight, and entirely smooth along 
their length, with no evidence of having been previously attached to melt films. Fragments of 
Pele’s hair such as these have often been found in other deep sea limu-bearing volcaniclastic 
deposits (e.g., Clague et al., 2003a, 2008). They have been cited as further evidence of magmatic 
explosivity, but although they are commonly associated with lava fountains (Moune et al., 2007), 
they are not diagnostic of them (Shimozuru, 1994). Littoral bursts (Mattox and Mangan, 1997) 
and laboratory interactions involving magma-water interaction (Fig. 12.7) both produce Pele’s 
hair when expanding vapour strongly attenuates melt. Pele’s hair in the ash lens often have 
attachment points similar to those of the plateau border limu (Fig. 12.6L), which may indicate 
where the portion of melt was originally attached to a limu bubble. Pele’s hair fragments were 
not seen in any of the bedded volcaniclastic layers, and are far less common than other types of 
limu in the ash lens examined in this study.
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12.5. Discussion 
12.5.1. Models of limu o Pele formation
 In the following sections, the hydromagmatic and magmatic mechanisms for deep sea 
limu formation are evaluated. In the hydrovolcanic mechanism (Clague et al., 2000; Maicher et 
al., 2000; Maicher and White, 2001), basalt entraps water that is subsequently superheated. The 
superheated water expands a limu bubble to the point of bursting. In the magmatic mechanism 
(Clague et al., 2003b, 2008), magmatic CO2-filled slugs are generated by variable degrees of 
foam accumulation and collapse at depth, which ascend until they buoyantly breach a free 
magma surface. According to this model, CO2 in the slug cools and contracts at the free surface, 
so that failure of the limu bubble is by implosion, and limu particles are envisioned to be widely 
dispersed from source by lofting in eruptive bursts followed by transportation in ocean currents 
(Clague et al., 2008). 
 Features of the limu-rich ash lens described in this chapter are used to demonstrate 
that the deposit represents hydrovolcanic limu more closely tied to enclosing sheet flows than 
to the overlying pyroclastic succession. The summit plateau of Lō`ihi is somewhat shallower 
than the critical depth of seawater arguments presented below show that the hydrovolcanic 
mechanism operates similarly at all depths, extending the discussion to evaluate the processes 
of both hydrovolcanic and magmatic mechanisms of limu formation at higher pressures. 
Observations from this Lō`ihi site, published occurrences of limu, laboratory analogues, and 
simple thermodynamic relationships are used to assess the two mechanisms of limu formation 
from three main perspectives: 1) by establishing how a source of volatile fluid (seawater 
or CO2) required to drive limu film growth is obtained; 2) by assessing the fundamentally 
different styles in which seawater and CO2 will grow limu bubbles; and 3) by determining if the 
different styles of limu bubble growth can occur before the melt is quenched. Viability of each 
model is considered for different depth-pressure regimes, considering a range of hydrostatic 
pressures (Ph) and the respective critical pressures (Pc) of H2O and CO2. Three depth regimes 
are considered: 1) shallow (~ 500 mbsl), with Ph < Pc for both H2O and CO2; 2) Lō`ihi depths (~ 
1000 mbsl), with Ph < Pc for H2O but not CO2, and 3) deep (~ 4000 mbsl), with Ph > Pc for both 
H2O and CO2.
 For all the illustrative calculations that follow, simplifying assumptions about the size 
and geometry of entrapped seawater domains and CO2-filled bubbles are necessarily made, 
based on the average estimated Lō`ihi limu bubble diameter of ~ 5.9 cm (Clague et al., 2000). 
Note that in reality limu bubbles will be a variety of sizes depending on the specific geometry 
of their formation, regardless of mechanism. In particular, a given melt volume may entrap 
different sized water domains, the domains of entrapped water will behave differently depending 
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on where they are entrapped relative to the bulk melt volume, and lava pillars in submarine lava 
flows suggest that in some cases large amounts of vapour may travel semi-continuously through 
relatively long-lived pathways in lava in flows (Perfit et al., 2003). Also, slugs of decoupled 
magmatic fluids may have heterogeneous in-conduit size distributions. The ~ 5.9 cm diameter 
value, however, is taken as the standard by which to compare limu-forming mechanisms.  
 Thermodynamic considerations are simplified by using the physical properties of pure 
water and pure CO2 as proxies to those of the seawater and mixed magmatic gases that would in 
reality drive limu formation. As seawater is superheated, it differs from pure water by exhibiting 
a continuous critical curve between the critical points of pure water and pure NaCl, rather than 
a single unique critical point (Sourirajan and Kennedy, 1962). Cold, liquid seawater has < 1 % 
higher density, and < 5 % lower heat capacity than pure water (Morgan, 2006; Lemmon et al., 
2008). These differences increase slightly during heating up to the saturation temperature, but 
are generally considered to have a minimal effect on hydrovolcanic processes (Wohletz, 2003). 
NaCl has very low solubility in superheated water, and precipitates rapidly from seawater as it 
is heated through the phase change (Hovland et al., 2006). This precipitation of salts involves 
a trivially small loss of energy (Grunewald et al., 2007), and leaves vapour or supercritical 
fluid that can be accurately described as pure water (Hovland et al., 2006). The gas in subaerial 
Strombolian slugs has been determined to contain a mixture of species dominated by H2O, CO2, 
SO2, and HCl, but CO2 is assumed to be the dominant constituent in the magmatic limu model 
(Clague et al., 2003b, 2008).
12.5.2. Field occurrences and observations
 Limu o Pele are now being found widely across the world ocean’s floor (Clague et al., 
2008). Their high surface area/ mass ratio makes them easily transported in ocean currents, and 
the limu are often dispersed in sediment; the eruptive sources of these widely distributed limu 
are not precisely known. 
 Lonsdale and Batiza (1980) discovered rare, “bubble wall” glass shards in hyaloclastites 
from ~ 800-1200 mbsl on East Pacific Rise (EPR) seamounts. They suggested that these, and 
coexisting blocky/ incipiently vesicular shards are produced during thermal shock granulation 
of the ropy sheet flows and flattened pillows that are found in the area. Batiza et al. (1984) 
presented detailed descriptions and images of limu o Pele (see their Fig. 10) and Pele’s hair in 
hyaloclastites overlying pelagic calcareous ooze and pillow lava, also at off-axis EPR seamounts. 
They attributed limu formation to turbulent mixing of basalt and seawater during submarine 
lava fountaining. At Seamount Six, limu occur as a component of sheet hyaloclastites that are 
emplaced at the toes of thin sheet flows, with which they are chemically identical (Maicher et 
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al., 2000; Maicher and White, 2001). At the Gorda Ridge, limu was recovered in push cores of 
sediment many kilometres from the nearest potential sources, but matches chemically with sheet 
flows in the region (Clague et al., 2003b), and the authors suggest that the lavas and limu may 
have the same source. At the North Arch Volcanic Field limu are found overlying lava flows of 
identical composition (Davis and Clague, 2006). At the Gakkel Ridge, limu occur in extremely 
widespread, thin ash layers overlying a variety of effusive eruption products, with no identified 
source vents (Sohn et al., 2008), similar to the widely dispersed deposits along mid-ocean ridges 
(Clague et al., 2008). It is not surprising that limu are always found with seemingly related lava 
flows, since the latter are the predominant products of submarine volcanism, and lava effusion 
is expected to commonly accompany pyroclastic activity. It is significant, however, that the 
only limu-forming vents specified to date are tiny, currently active structures of incompletely 
known eruptive character (DA Clague pers. comm. June 2009).
 Tribble (1991) described what may have been the formation of shallow submarine, 
hydrovolcanic limu, from channelized lava streams off the southern coast of Kīlauea. Scuba 
divers directly observed “explosions” originating at the upper surface of ~ 35 cm thick lava 
steams, that included “an incandescent flash,” and “a short-lived bubble of incandescent 
lava… blown out of the stream (of lava) into the water column.” Tribble (1991) noted that the 
“explosions” could not be driven by magmatic gases, since the basalt was in the submarine 
continuations of degassed subaerial Kīlauean flows. He instead suggested that “combustion 
of H2 formed by dissociation of H2O” drove the “explosions,” but also suggested, and did not 
dismiss, the alternative possibility that they were driven by “the sudden release of superheated 
water trapped below the flow.” Note that Tribble’s (1991) description of these “explosions,” 
and his suggested (although not favoured) hypothesis about their origin, fit precisely with the 
hydrovolcanic model of limu formation.
 The geometry and geochemistry of the limu-rich ash lens described in this paper provide 
two complementary lines of evidence to suggest that this may be the most clearly “primary” 
(White and Houghton, 2006) deposit of deep sea limu o Pele yet observed. Regardless of 
whether the contorted sheet flows and the intact, capping flow (Fig. 12.2) formed during a 
single eruption, or in successive eruptions, they effectively isolate the ash lens from the upper 
volcaniclastic layers. The upper layers contain particles of widely varying morphological types 
(of which limu is one) and glass chemistry (Clague et al., 2003a); and a recent evaluation of 
sedimentation rates based on these layers indicates that they were emplaced over an estimated 
5000 years (Clague, 2009). The limu and angular equant glass grains in the ash lens have 
identical chemistry (Table 12.1, Fig. 12.4), suggesting a single eruptive source. It would require 
fortuitous circumstances for the material in the ash lens to have been erupted pyroclastically 
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and deposited in the same manner as the upper volcaniclastic layers. Firstly, the limu would 
have to have exited in an eruption plume and then been transported and deposited together with 
the dense grains of identical chemistry but greater mass and settling velocity. Further, they 
would have to be transported without entraining any material from surficial deposits of older 
eruptions. The limu-rich ash lens is therefore interpreted as a near-source primary deposit of 
scarcely transported fragments produced hydrovolcanically from the flows that enclose it. 
 The variety of sources suggested by widely varying limu chemistry in the upper 
volcaniclastic layers indicates that wide dispersal of limu as described by Clague et al. (2008) 
does occur. In the ash lens, however, the limu is concentrated in a topographic depression in a 
flow, not exposed to ocean currents. In this regard, thin veneers of limu-bearing volcaniclastic 
sand draping lava flows over wide swaths of ocean bottom (e.g., Sohn et al., 2008) may easily 
represent a mixture of almost in situ limu formed directly from the underlying lavas, and limu 
transported from similar primary depositional sites, both proximal and distal. In regions unlike 
the Lō`ihi site, where there is a long-lived eruptive history of chemically homogeneous magma 
(e.g., MORB), it would be difficult to differentiate in situ from redeposited limu, or to recognize 
if a given deposit was poly- or monomict.
12.5.3. The source and nature of driving fluid
Hydrovolcanic formation of limu requires that magma entraps seawater. Maicher 
and White (2001) mention some possible means of such entrapment, and provide a detailed 
discussion of how this may be achieved by a low viscosity flow over seafloor irregularities that 
are filled with water ± wet sediment, or where wet sediment is entrapped in advancing flow 
lobes (see Fig. 4 of Maicher and White, 2001). The exact mechanism by which water and melt 
mingle will depend on the specific geometry of their interaction, but there are several examples 
that demonstrate the readiness with which basaltic melt may entrap water. 
The observed formation of littoral limu on the coastal bench of Kīlauea (Hon et al., 
1988; Mattox and Mangan, 1997) is direct evidence for the confined mixing of lava and water. 
Within mid-ocean ridge lava flow complexes, voids, drips, pillars, and collapse structures on 
a variety of scales are common, and result from the entrapment, vapourisation, and buoyant 
ascent of substantial volumes of seawater through flows emplaced both above and below the 
critical depth of seawater (Perfit et al., 2003). 
Non-explosive analogue magma-water interaction experiments (White and Zimanowski, 
2008, unpublished data; Fig. 12.7) also demonstrate magma-water mingling. In an example 
of molten basalt poured onto water-saturated sediment (spherical sand-sized glass beads), the 
melt was unable to penetrate the sediment, and spread as a miniature lava flow over its surface 
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(Fig. 12.7A-B). Limu bubbles formed when underlying water was vapourized and rose into 
and through the lava. Although more analogous to littoral than deep sea limu formation, this 
example demonstrates that water is readily entrained from sediment, even in the absence of any 
turbulent mixing or irregularities in the sediment surface. In a second example, with molten 
basalt poured into standing water, the downward flowing lava jet was deformed at the air-water 
interface and spread in the water column. Vapourisation of partly entrapped water stretched 
the melt into partial bubbles and “sails” (Fig. 12.7C), or in some cases, unbroken limu bubbles 
(Fig. 12.7D). The experiment ultimately formed dispersions of suspended limu fragments. In 
this case, the laboratory analogues demonstrate that basaltic melt is able to entrap free water 
relatively easily, and suggests that water entrapment need not necessarily be by lava flows, 
as in the current Lō`ihi case. If molten basalt were jetting through the water column, it could 
potentially entrap and vapourize water, in a process similar to that described by Batiza et al. 
(1984), who attributed limu o Pele to submarine fire fountains. 
 Magmatic formation of limu requires that slugs of CO2 fluid are able to develop in and 
decouple from their host melt, rising buoyantly through this comparatively slowly ascending 
or stagnant melt. Clague et al. (2003b) use geochemical evidence in Gorda Ridge MORB to 
demonstrate that this mechanism requires a deep accumulation of a CO2 -rich volatile phase 
from a much greater volume of magma than is involved in the eruptions; this fact was reiterated 
by Sohn et al. (2008) for limu discovered on the Gakkel Ridge. Most recently, Clague et al. 
(2008) suggest that CO2-rich foam accumulation and variable degrees of collapse can account 
Fig. 12.7. Limu formed in the laboratory.
A-B: Basaltic lava poured onto water-saturated 
sediment as an example of water entrained into 
small flow. Time starts with pouring of lava. Af-
ter 11 s, a small flow has formed on substrate. 
After 17 s, several limu bubbles have formed on 
surface of the flow. C-D: Thin film limu shards 
and whole limu bubbles formed when lava is 
poured directly into liquid water, as example of 
hydrovolcanic limu formed without the estab-
lishment of a flow over sediment.
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for limu that is widely dispersed along mid-ocean ridges.
The Strombolian eruption style is defined by conduit-filling slugs of exsolved magmatic gases 
(including, but not limited to, CO2) buoyantly decoupling from relatively stagnant or slowly 
ascending magma (Blackburn et al., 1976; Parfitt, 2004). The high CO2 content of gas slugs at 
Stromboli has been demonstrated by real-time volcanic gas measurements at the eruptive vents 
(Burton et al., 2007), and at Lō`ihi, there is evidence for decoupling and open-system loss of 
CO2 as hydrothermal fluids (Karl et al., 1988). Note that in the case of subaerial Strombolian 
eruptions, the gas slugs are characteristically several metres in diameter, and also contain a 
substantial proportion of other magmatic gases, including H2O (Burton et al., 2007), whereas 
the magmatic limu models do not address the fact that deep sea limu are apparently created 
from only centimetre-sized bubbles (Clague et al., 2000; Maicher and White, 2001). Also, it is 
important to recognize that the critical depth of CO2 is much shallower than that of water, so 
that CO2 vapour does not form deeper than ~ 730 m; any production of magmatic limu below 
this depth can only be driven by supercritical CO2 (Table 12.2). 
 The thin sheet flows that host limu-rich ash sampled at Lō`ihi for this study are highly 
contorted, and were emplaced over rough, underlying lavas (Fig. 12.2). This scenario is ideal 
for the confined entrapment of seawater by each successive thin flow, whether the flows were 
emplaced during different eruptions, or in rapid succession during one eruption.  No magmatic 
limu-producing vent structures were identified in this study, nor by Clague et al. (2000). 





















Seawater @ 1000 oC
5 vapour 8.5 45 1.5 390 2.5x10-4 7.3 5.48 0.079 0.93
10 vapour 17 46 1.5 289 3.7x10-4 5.8 2.73 0.05 1.17
40 supercritical 70 49 1.5 145 6.1x10-4 3.7 0.67 0.019 1.9
CO2 @ 1000
oC f
5 vapour 15 56 6 nil N/A 6 2.98 0.053 1.14
10 supercritical 30 57 6 nil N/A 6 2.96 0.052 1.15
40 supercritical 120 59 6 nil N/A 6 2.86 0.051 1.19
Table 12.2 Thermodynamics and rates of limu bubble growth.
a Data from Lemmon et al. (2008)
b Unrestricted expansion to maximum diameter, calculated by equation 1
c Calculated by Archimedes’ principle for bubble of 6 cm diameter
d Calculated by Stokes’ law for expanded H2O bubbles and 6 cm diameter CO2 bubble
e For complete translation of each bubble out of melt body 
f Extrapolated from model values up to 800 oC
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12.5.4. Potential for limu bubble growth
 The relative potentials of fluid bubbles to create limu are treated according to two 
simplified styles in which they may exert force on the melt, by: 1) expansion; and/or 2) 
buoyancy. Expansion refers to the forcing of melt radially out from an inflation orifice, as with 
the blowing of a balloon. Buoyancy refers to the translation of a low-density bubble up through 
a melt to extend a film from the upper melt surface. These styles are evaluated considering the 
densities of water and CO2 (vapour or supercritical fluid depending on hydrostatic pressure) for 
each depth regime (Fig. 12.8A).
Expansion
To have expansion potential, a fluid must experience a decrease in density (associated 
with an increase in specific volume). For hydrovolcanic and magmatic mechanisms of limu 
formation, reductions of fluid density are caused by different processes. Superheating of water 
is isobaric, since the pressure drop experienced by water traveling upward though a thin (< 10 
cm) lava flow is negligible compared to the temperature increase it experiences, from ambient (~ 
3 oC) to magmatic (> 1000 oC) temperatures. Ascent of CO2-rich slugs is isothermal, since they 
are at magmatic temperature for the duration of ascent, with density decreasing by magmastatic 
depressurization.
Figure 12.8A shows the density (and implied volume) changes associated with isobaric 
superheating of water, and isothermal depressurization of CO2. For superheating of seawater 
to > 1000 oC at sub-critical pressures (5 MPa and 10 MPa curves, Fig. 12.8A), there is an 
instantaneous density drop (= sudden expansion) at the saturation temperature. At supercritical 
pressures (40 MPa curve, Fig. 12.8A), the density decrease is apparently less abrupt, with most 
of the expansion taking place over the interval of 400 to 500 oC; however, the high efficiency 
with which magma conductively transfers heat to water (Maicher and White, 2001; Mastin, 
2007) ensures that the phase change will still be essentially instantaneous. At Lō`ihi depths, a 
spherical domain of entrapped seawater of ~ 1.5 cm diameter will expand to ~ 5.8 cm diameter 
(near the average for Lō`ihi limu bubbles; Clague et al., 2000) if allowed to freely expand 
(Table 12.2). An equivalent water domain should expand to ~ 7.3 cm at 5 MPa, and ~ 3.7 cm 
at 40 MPa, since even at this supercritical pressure, superheated water expands by a factor of ~ 
2.4 (Table 12.2).  
Magmastatic depressurization of a CO2-filled slug at magmatic temperature (Fig. 12.8A) 
ultimately results in near-surface fluid densities similar to those of superheated water; however, 
the relationship between density and pressure is linear until the slug reaches the magma’s free 
surface (Fig. 12.8A). The rate of density reduction thus depends entirely on the rate of bubble 
rise, and there is no abrupt density drop or sudden expansion at the vent outlet or melt surface.
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Buoyancy
Any bubble filled with a fluid less dense than basaltic melt will be buoyant, allowing 
a force acting to grow a limu bubble to be related entirely to the translation of the bubble 
impinging on the viscoelastic, necessarily thermally insulated or just-formed, top surface of 
the melt. The buoyant force (Bb) experienced by a bubble is related to the volume of the bubble 
(Vb), and the density difference between the melt (ρm) and the fluid in the bubble (ρb), according 
to Archimedes’ principle, by: Bb = Vbg(ρm-ρb), where g is gravitational acceleration. The rate at 
which a buoyant bubble will rise (ub) is again dependent on bubble size, density difference, and 
the viscous resistance of the surrounding medium, according to Stokes’ Law: ub = 2/9(ρm-ρb)/
μgR2, where μ is melt viscosity, and R is bubble radius. This buoyancy consideration is applied 
to both H2O and CO2 bubbles in a basaltic melt, using the parameters of pressure-specific fluid 
density (Table 12.2), μ = 100 Pa.s, ρm = 2700 kg/m
3. Bubble radii for the seawater bubbles are 
taken as the fully expanded size of originally 1.5 cm diameter domains of water (Table 12.2), 
and for the CO2 bubbles R = 3 cm, both consistent with the estimated pre-burst limu bubble 
diameter of ~ 6 cm at Lō`ihi (Clague et al., 2000). Bubbles of H2O and CO2 of equivalent size 
have essentially equivalent, but very low, buoyant forces and rise speeds (10 MPa example, 
Table 12.2).
The small size (no more than a few centimetres) of fluid-filled bubbles required to blow 
the isolated limu bubbles inferred from grain shapes in all studies, significantly limits buoyant 
forces, Stokes’ rise speeds, and thus the plausibility that buoyancy force alone can drive limu 
formation. In subaerial Strombolian eruptions, the decoupled gas slugs are several metres in 
diameter (Parfitt, 2004), which facilitates their rise in a conduit. An important observation is 
that submarine limu bubble sizes are inversely correlated with their depth of formation: 5.9 
cm for 1000-1200 mbsl (Lō`ihi; Clague et al., 2000), 2.2 cm for 1400-1700 mbsl (Seamount 
Six; Maicher and White, 2001), and 1.5 cm for > 4000 mbsl (North Arch Volcanic Field; Davis 
and Clague, 2006). Expansion will be diminished but not precluded by increasing hydrostatic 
pressure (e.g., Fig. 12.8C), while buoyancy force/ rise speed of decoupled fluid will not be 
significantly affected by increasing hydrostatic pressure (e.g., Fig. 12.8D). This relationship 
provides further evidence that limu bubble growth is driven by expansion of a confined fluid, 
possible only for the hydrovolcanic scenario. 
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Fig. 12.8. Thermodynamics and timing of limu bubble formation.
In each pane, long dashed, solid, and dotted lines indicate liquid, vapour, and supercritical fluid phases, re-
spectively. Properties from Lemmon et al. (2008). A: Phase diagram showing density-temperature relationship 
for isobaric superheating of pure water at 5, 10, and 40 MPa, and density-pressure relationship for isothermal 
lithostatic depressurization of CO2 at 1000 
oC. Note that the 1000 oC CO2 curve is outside the model range and 
is extrapolated from information up to 800 oC. B: Constant pressure heat capacity (Cp) vs. temperature (T) for 
pure water at different pressures, indicating non-linear and highly variable changes over  the temperature range 
from ambient to magmatic. C: Diameter of expanded limu bubble vs. time for 1.5 cm diameter domains of 
entrapped seawater at different pressures. Shaded field shows time when melt can no longer deform plastically 
due to hyperquenching. D: Buoyant extension of limu film (by translation) vs. time. Separation of curves is due 
to different modeled bubble sizes. For equivalent bubble sizes (e.g., blue, 10 MPa H2O, and green, CO2) curves 
are indistinguishable. Note logarithmic scale for extension, and that < 0.1 mm of extension is possible before 
hyperquenching.
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12.5.5. Overcoming Quenching
Quenching of basaltic melt in contact with cold seawater will be the most strongly 
limiting condition to deep sea limu formation by any mechanism. Plastic growth of a limu 
bubble requires that the melt be kept above the glass transition long enough for the limu bubble 
to expand or buoyantly escape the melt. Differential scanning calorimetric (DSC) studies on the 
cooling rates (q) of submarine hyaloclastites have returned cooling rates as low as 0.003 K/s 
(Wilding et al., 2000), and limu o Pele from Lō`ihi have been shown to be “hyperquenched,” 
with extremely high cooling rates of up to 105.31 K/s (Potuzak et al., 2008). While the slow end of 
the range would provide ample time (>> several seconds) for the expansion or escape of a limu 
bubble, the “hyperquenched” signature suggests that only ~ 1.5x10-3 s is available to stretch 
melt into a limu bubble, calculated by (T2-T1)/q, where T2 and T1 are the magmatic (~ 1100 
oC) and approximate glass transition (~ 800 oC) temperatures, respectively. Even though the 
stretching of melt at the extreme rates implied by this “hyperquench time limit” is implausible, 
since basalt is a non-Newtonian fluid that experiences brittle failure when subjected to high 
strain rates (Papale, 1999), it is used in the calculations that follow as an extreme minimum 
amount of time available for limu bubble growth.
The second major assumption in our assessment of limu bubble growth time, is that 
no consideration is made for how bubble growth rate will be restricted by ambient pressure, 
surface tension, and viscous resistance of the melt (Maicher and White, 2001); only the free 
expansion of seawater, and buoyant rise speed of CO2 are taken into account. Applying this 
same simplifying assumptions to both mechanisms allows the limu-forming potential of the two 
fluids to be directly compared.
Quenching vs. expansion
The unconfined expansion rate of seawater entrapped at different pressures is compared 
to the hyperquench time limit, assuming that the water is allowed to freely expand, and that rate 
of expansion kinetically keeps pace with rate of superheating. Direct conductive heat transfer 
rates (Q) from magma to water will be on the order of ~ 107 W/m2 (Maicher and White, 2001; 
Mastin, 2007), and expansion time of an entrapped domain of seawater can be estimated by:
      (12.1)
where n is the amount of water entrapped in moles, and A is the surface area of a (spherical) 
water bubble. Total time is the sum of step-heating over 100 oC intervals, using the average Cp 
(Fig. 12.8B) and A over each interval. Because of the extremely high rate of heat transfer from 
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melt to water, the phase change from liquid to vapour or supercritical fluid of an initially 1.5 
cm diameter domain of entrapped seawater is essentially instantaneous; and at all pressures 
considered, the time to maximum superheating (Table 12.2; Fig. 12.8C) is less than the 
hyperquench time limit. These calculations are highly simplified. In reality, the effectiveness 
of this expansion process to actually form limu bubbles will also depend on the geometry of 
the whole system (e.g., shape of water domain, the position of entrapped water with respect 
to boundaries of the host melt body, etc.), the amount of water entrapped (1.5 cm diameter is 
assumed), and the amount of work expended in deforming the melt in to a thin bubble wall. The 
calculations demonstrate, however, that expansion of superheated water is substantial in both 
magnitude and rate at all pressures, even when considering the nonlinear changes in Cp (Fig. 
12.8B) at the phase transition.      
Quenching vs. buoyancy
To compare buoyant bubble rise speeds against quenching time, the time it would take 
for a bubble of constant diameter to translate a distance equal to its diameter through the upper 
surface of a magma body at a vent, pushing a limu-forming melt film ahead of it is considered. 
The results of this rough calculation, t = d/ub, where d is the diameter of the bubble, are given 
in Table 12.2 and illustrated in Fig. 12.8D. The times for limu films to form by buoyant rise 
of bubbles is in all cases three orders of magnitude greater than the time available before the 
hyperquench time limit. This is true regardless of whether the bubbles contain superheated 
water or CO2, and separation of curves in Fig. 12.8D is only a function of bubble size. 
Quench Granulation
 The dense, blocky glass particles that are ubiquitously found with deep sea limu o Pele 
may be a key to understanding the conditions of limu bubble formation. These dense particles 
have been found coexisting, and matching geochemically, with limu at the Lō`ihi site in this study 
(Table 12.1, Fig. 12.4) and at all sites reported thus far (Clague et al., 2000, 2003a, 2003b, 2008; 
Maicher et al., 2000; Maicher and White, 2001; Davis and Clague, 2006; Sohn et al., 2008). The 
morphology of the dense particles is strongly suggestive of quench granulation (Honnorez and 
Kirst, 1975; Büttner et al., 1999). Quench granulation is not depth-limited (Kokelaar, 1986), and 
its particles in other studies have shown DSC signatures indicating complex cooling histories 
(Nichols et al., 2009). Quench granulation may partly facilitate hydrovolcanic limu bubble 
formation by cracking the quenched glassy rinds on lava surfaces, exposing hot, incandescent 
melt that may act as sites for rapid limu bubble expansion. Incandescence of submarine lava 
flows was described by Tribble (1991), and cracking leading to re-exposure of fluid melt has 
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been observed by other scuba divers on active submarine flows at Kīlauea (Moore et al., 1973). 
Quenching of limu is envisioned to coincide with limu bubble rupture, as the high surface area 
of the limu shards contacts seawater, crucial seconds after the melt entrains seawater.  
Steam insulation
Maicher and White (2001) demonstrated that an insulating steam film at a flow surface 
could delay quenching, hence facilitate limu bubble growth. For all pressures, although Cp 
varies strongly and non-linearly with temperature, reaching a maximum at the phase change 
(Fig. 12.8B), Cp of superheated water at all pressures (Table 12.2) is significantly lower than the 
~ 74 Jmol-1K-1 of liquid water. This suggests that a film of supercritical water could potentially 
provide some insulation at a basalt-water contact. Since the specifics of stable film-boiling at a 
magma-water interface are complex (Dhir, 1998), this comparison of Cp values is necessarily 
generalized, but note that the need to overcome quenching will apply to any model of deep sea 
limu formation.
193
Part 4 Limu o Pele
12.6. Conclusions
 Observations of a volcaniclastic deposit rich in well-preserved deep sea limu o Pele, 
from ~ 1051 mbsl on Lō`ihi Seamount have been presented. The deposit contains very limu-rich, 
chemically monomict, ash lenses that are interbedded with contorted sheet flows, in effective 
isolation from a well-studied, polymict, thick upper sequence of volcaniclastic material. Well-
preserved particles at this site are used to define four morphologic sub-types of limu, linked to 
different parts of an isolated, rupturing melt bubble, and to link coexisting dense glass particles 
to quench granulation of adjacent lavas. The geometry and geochemistry of the ash lens analyzed 
at this site provide compelling evidence that the limu was produced hydrovolcanically, by 
steam-driven limu bubble expansion directly from the enclosing contorted sheet flows.
 This deposit has inspired a reevaluation of existing models of limu formation. The 
original fire-fountaining origin for these particles was succeeded by a hydrovolcanic model 
analogous to the littoral lava-water interaction process observed at Kīlauea, which is inferred 
for limu formation at this Lō`ihi site. The hydrovolcanic model had been all-but discarded in 
favour of a magmatic model of Strombolian-style explosive eruptions that was formulated to 
accommodate limu discovered at depths below the critical pressure of water.   
 Simple thermodynamic considerations indicate that the hydrovolcanic mechanism 
of limu formation is more tenable than the magmatic model at any depth, with abyssal limu 
bubbles formed by a supercritical water phase. Since CO2 does not exist as vapour at depths 
greater than ~ 730 mbsl, and since water vapour is limited to depths shallower than ~ 3 km, 
the deepest limu are of necessity formed by a supercritical fluid. At Lō`ihi, seawater boils to a 
relatively dense vapour phase, and expands by about an order of magnitude. At abyssal depths, 
superheated water exists as a supercritical fluid that also expands nearly instantaneously to 
more than double the cold liquid’s volume. 
 For CO2 at magmatic temperatures, the mechanisms for limu formation remain obscure. 
A source of magmatic CO2 accumulated from a large volume of magma is possible, but without 
observation of limu-forming eruptions combined with real-time analysis of the gases released 
during this activity, there is no direct evidence that limu formation is possible in the way implied 
by the magmatic CO2-driven model.
 The origin of limu o Pele is of fundamental importance to the interpretation of submarine 
volcaniclastic deposits. The compiled evidence in this work indicates that limu o Pele are not 
direct indicators of magmatic explosivity. They are instead the products of quick, but essentially 
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Chapter 13. Summary and Conclusions
 This presents results of a quantitative examination of four main volcaniclastic deposits 
on Lō`ihi Seamount, Hawai`i, that were sampled by manned submersible in October, 2006. The 
preceding parts of the thesis are divided according to the major findings from each deposit, or 
deposit type, with detailed conclusions presented in the appropriate chapters. The following is 
a summary of the major conclusions drawn from this work, with key processes schematically 
illustrated in Figure 13.1.
 Part 1 presents background information on the state-of-the-art of submarine volcanism, 
on the rationale for the study, on Lō`ihi Seamount, and on the methods employed. This work is the 
first to examine submarine volcaniclastic deposits using a rigorous step-wise methodology (see 
Section 1.8 and Figure 1.6). This methodology is not novel to those studying well-characterized, 
and easily accessible subaerial volcanoes; but it is only with the use of submersible technology 
and carefully planned and executed dive programs that such a methodology could, for the first 
time, be applied to submarine deposits.
 Part 2 of the thesis provides a detailed qualitative and quantitative analysis of deposit 
geometry, lapilli vesicle and microlite textures, geochemistry, volatile dynamics, and ash 
morphology in two deposits from the summit plateau of Lō`ihi Seamount, the “northern” and 
“southern” cones. These deposits were initially studied independently, but then were grouped 
together based on shared characteristics. The evidence presented indicates that both deposits 
formed in eruptions characterized by uninterrupted ascent of magma from source-to-vent, in a 
closed-system, volatile-coupled, system. This process generated non-interconnected vesicles 
in the erupted melt, and ensured rapid acceleration of the magmas up the shallow conduits, to 
the submarine vents. Fine ash particles in the deposits have morphological features diagnostic 
of intensive hydromagmatic fragmentation by the thermohydraulic explosion phase of non-
sustained molten fuel-coolant interactions (MFCI) – the most energetic and violent form of 
magma fragmentation known. Together, these processes are used to define, and name, the first 
subaqueous eruption style that is based on measurable quantities in the deposits. The definition 
of this “Poseidic” eruption style is the foremost contribution resulting from this thesis.
   Definition of the Poseidic eruption style in Chapter 7 does several things: (1) it challenges 
preconceptions about what eruption styles are possible in the deep sea; (2) it importantly 
introduces end-member terminology that is deep-sea basalt specific; (3) it purposely tries to 
de-emphasize direct analogies with subaerial eruption styles; (4) it demonstrates that magmas 
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Fig. 13.1. Schematic summary of processes at Lō`ihi Seamount
Not to scale. Top panel shows cross section of Lō`ihi with three separate plumbing geometries. Letters refer to 
corresponding close-up panels. Leftmost conduit represents a Poseidic eruption (see Part 2). A: Small, round, non-
interconnected bubbles nucleate and grow in a volatile-coupled system during direct ascent from source-to-vent. 
Bubble growth and corresponding magma acceleration is driven by strong exsolution of both CO2 and H2O (see 
Chapters 3 and 4). B: MFCI-like thermohydraulic explosions occur near the vent region, with direct interaction 
between ascending magma and ambient seawater. Melt is fragmented, and shock waves produced by the interac-
tions assist in propelling particles out of the vent (see Chapter 5). C: Lapilli and bombs travel upward in a high 
submarine eruptive plume, before raining out to build a scoria cone (see Chapter 2). Lapilli and ash are rapidly 
quenched, but vesicle textures continue to evolve, and microlites grow in thermally insulated cores of bombs (see 
Chapter 3). Centre conduit represents intermittent mild explosivity (see Part 3). D: Slowly ascending melt allows 
partial loss of early-exsolved CO2 to conduit walls. Friction against conduit walls generates a parabolic velocity 
profile, with hotter, faster, microlite-free melt at the core of the flow (see Chapters 9-11). E: Stagnation in the up-
per conduit, just below the vent is accompanied by crystallization fronts to move into conduit, due to heat loss 
to the conduit walls and/or cap rock (see Chapter 8). F: Eruptive bursts sporadically eject coarse pyroclasts from 
the vent. The clasts include significant portions of microlite-rich melt derived from the conduit walls. Rightmost 
conduit shows stagnation in a shallow magma storage zone, and subsequent downslope movement of magma in a 
lava tube. G: The shallow magma chamber acts as a temporary storage zone, where stagnated magma can degas 
to near-summit pressures. These degassed portions of melt are remixed and mingled with fresh, hot, less-degassed 
melt from deeper in the system. The resulting magma that travels downslope is partially degassed, with low explo-
sive potential (see Chapter 4). H: Open-system loss of CO2 (and other magmatic gases) from shallow storage feeds 
summit hydrothermal systems and plumes (see Chapter 4). I: Degassed magma tends to erupt effusively. If the lava 





do not need to be particularly enriched in volatiles, and do not need to experience volatile 
decoupling to erupt explosively; and (5) it demonstrates that MFCI are possible to greater 
depths than originally thought. Until this work, no explosive eruptions styles had previously 
been defined for deep-submarine basaltic volcanism. As submarine eruption styles are named, 
it is essential that they be defined by criteria that can be tested for at other deposits and other 
volcanoes. The defining features of the Poseidic eruption style can be determined, in part or in 
whole, for ancient deposits that are now exposed on land, deposits examined by submersible, 
and perhaps even deposits sampled by careful dredging of bathymetrically delineated conical 
features on the sea floor. The Poseidic eruption style is not only newly-defined, but exemplifies 
a new way of classifying submarine eruption styles, or potentially even subaerial ones, using 
different key parameters from those currently used to define subaerial eruption styles (e.g., 
observational evidence, dispersal). The direct observations and dispersal information routinely 
used to characterize subaerial eruptions are not, and may never be, available for submarine 
deposits.
 Part 3 of the thesis uses the methodology that revealed the volatile-coupled, water 
assisted eruption style defined as Poseidic to determine the eruption style for another deposit, 
referred to as “L8”. The study of deposit L8 benefitted from ~20 m of exposed stratigraphy, 
allowing textural changes to be mapped through an eruptive sequence. The L8 lapilli show a 
greater variety of vesicle and microlite textures than the Poseidic lapilli, evidence for partly 
open-system, or volatile-decoupled degassing, and previously undescribed segregated-melt 
structures that are herein described as “intra-vesicular extrusions” (IVE). None of these features 
are consistent with the L8 magma having erupted in a Poseidic style. Instead, the evidence 
presented in Chapters 8 to 11 suggests that the L8 deposit was created by episodic eruptive 
bursts of magma that stagnated intermittently in the upper conduit. The study of deposit L8 
vastly expands the database of quantitative vesicle and microlite textures and geochemistry of 
submarine pyroclasts, as well as presenting a previously undescribed new textural feature (IVE). 
Furthermore, the differences between deposit L8 and the Poseidic cones indicates that although 
the Poseidic eruption style is newly recognized and defined, it is not a universal eruption style 
for all deep marine activity, and that even on the summit plateau of Lō`ihi there are pyroclastic 
deposits of demonstrably different origins.
 The analysis of limu o Pele in Part 4 of this thesis takes the same analytical approach in 
many ways, and provides an important counterpoint to published interpretations of submarine 
explosive volcanism. Limu o Pele, or “bubble walls”, are thin particles of basaltic glass that 
resemble shattered portions of individual, isolated bubbles of melt. These particles have been 
interpreted to be the products of submarine Strombolian eruptions, driven by a deep accumulation 
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and decoupling of CO2 within magmatic systems. This interpretation has been widely accepted, 
so that many authors currently use the presence of limu, which is widespread in the world’s 
oceans, as direct evidence of submarine explosive – and specifically, Strombolian – eruptions. 
Part 4 of this thesis presents a new, and critical evaluation of the different ways in which limu 
can form, with new data from Loihi about limu-rich ash lenses that lie amongst thin sheet flows 
and are overlain by a non-primary, reworked volcaniclastic deposit. Analysis of the new data, 
coupled with laboratory and thermodynamic analysis, provides evidence for a non-explosive 
origin of limu. Part 4 demonstrates, in harmony with original interpretations by Maicher and 
White (2001) and Clague et al.  (2000), that limu o Pele are particles formed when basaltic 
melt entraps and superheats ambient seawater, commonly during effusion and emplacement of 
thin lava flows. This is an important contribution, because it demonstrates: (1) specifically, that 
the presence of limu o Pele in volcaniclastic deposits is not sufficient evidence to prove that 
explosive eruptions have occurred in a particular area; and (2) generally, that theories pertaining 
to submarine volcanism must be critically assessed, and must be thermodynamically tenable. 
Grave interpretive errors may result if due diligence is neglected, and the scientific process 
incompletely adhered to.  
 As with any scientific project, in which each answer begets a new question, this thesis 
leaves many mysteries of submarine explosive volcanism far from resolved. The overarching 
message contained in the previous chapters is that the deposits of submarine explosive eruptions 
should be approached in a systematic way, one that extracts maximum information from the 
deposits without pigeonholing them into existing categories that are at best of untested validity 
in the subaqueous realm. To date, submarine eruptions have largely been described by analogy 
to subaerial analogues, but the fit is a poor one because submarine eruptions will be different in 
almost all ways. As new deposits are discovered, sampled, and studied, it is important that the 
differences imposed by high hydrostatic pressure, and the presence of essentially infinite amounts 
of external water are not underestimated or implicitly discarded as mere minor modifiers of 
eruption styles known from land. Despite significant technological advances in recent decades 
that have greatly facilitated our ability to study submarine phenomena, it will likely be many 
years before submarine explosive eruptions are routinely monitored and observed. Even then, 
useful classification of eruption style, and interpretation of unseen processes below the surface, 
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Appendix A. Lapilli density measurements.
 Appendix A consists of a single Excel spreadsheet file, with one worksheet for each of 
the 4 deposits given in the text. Each worksheet contains density measurements on individual 
lapilli, following Archimedes’ principle, and the method of Houghton and Wilson (1989). 
Numbers assigned to individual lapilli are used throughout the thesis to refer to individual 
clasts.
Appendix B. Vesicle image analysis.
 Appendix B contains all procedural and raw data required to reproduce vesicle 
quantification as presented in the text.
Appendix B.1 consists of a multiple-worksheet Excel file, which is a template for applying the 
stereological conversion of Sahagian and Proussevitch (1998). Input parameters to this Excel 
file are raw vesicle sizes, expressed as area (mm2), generated by image processing in one of the 
programs Matlab, Scion Image, or Image J. 
Appendix B.2 contains all raw vesicle measurements used in the current study.
Appendix C. Geochemical analyses.
 Appendices C.1 to C.4 consist of Excel spreadsheets containing all geochemical 
microbeam analyses, averages of which are given in the tables within the thesis body.
Appendix D. Fine ash image analyses.
 Appendix D contains files created for the calculation of shape factors used to discriminate 
between ash particles formed by different fragmentation mechanisms.
Appendix D.1 (on CD only) is a template for Photoshop. The following routine was followed:
1) The grains were numbered consecutively (#)
2) Images were made binary (grain=white, background=black)
3) The white, grain shape only was copied and pasted into the Appendix D.1 template
4) A “free transform” was applied to the grain image, to align its long axis with the 
horizontal line, and placed to cover as much of the horizontal line as possible
5) The area around the white grain was made black across all layers
6) Each layer of the template was exported as an individual .tiff file, named:
#_g.tiff = the layer with the grain outline
Appendices
A-2
#_h.tiff = the layer with the horizontal line only
#_v.tiff = the layer with the vertical lines
These files were input in a batch to the Matlab code (Appendix D.2)
Appendix D.2 is a Matlab routine for measuring the shape parameters of each grain, 
using images created with template Appendix D.1.
Appendix D.3 consists of an Excel spreadsheet containing all grain measurements 
calculated and used in this study.
A-3
Appendices
DRE density= 2.83 g/cm3
clast clast clast clast clast clast clast clast clast clast clast clast clast clast clast
Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular
Northern Cone Northern Cone Southern Cone Southern Cone Southern Cone
161-2-A 1 1.31 54% 161-2-B 1 1.30 54% 160-1-A 1 1.58 44% 160-3-A 1 1.55 45% 160-4-A 1 1.68 41%
2 1.27 55% 2 1.30 54% 2 1.42 50% 2 1.64 42% 2 1.56 45%
3 1.24 56% 3 1.28 55% 3 1.49 47% 3 1.56 45% 3 1.62 43%
4 1.09 62% 4 1.32 53% 4 1.65 42% 4 1.56 45% 4 1.61 43%
5 1.29 54% 5 1.17 59% 5 1.50 47% 5 1.54 46% 5 1.66 41%
6 0.98 65% 6 1.23 57% 6 1.36 52% 6 1.53 46% 6 1.61 43%
7 1.22 57% 7 1.37 51% 7 1.45 49% 7 1.48 48% 7 1.58 44%
8 1.30 54% 8 1.35 52% 8 1.60 44% 8 1.48 48% 8 1.58 44%
9 1.22 57% 9 1.37 51% 9 1.51 47% 9 1.56 45% 9 1.56 45%
10 1.21 57% 10 1.35 52% 10 1.45 49% 10 1.73 39% 10 1.58 44%
11 1.32 53% 11 1.40 50% 11 1.61 43% 11 1.80 37% 11 1.50 47%
12 1.10 61% 12 1.32 53% 12 1.84 35% 12 1.63 42% 12 1.58 44%
13 1.31 54% 13 1.28 55% 13 1.51 47% 13 1.60 43% 13 1.64 42%
14 1.31 54% 14 1.35 52% 14 1.56 45% 14 1.79 37% 14 1.68 41%
15 1.21 57% 15 1.35 52% 15 1.59 44% 15 1.59 44% 15 1.68 41%
16 1.31 54% 16 1.32 53% 16 1.64 42% 16 1.57 45% 16 1.67 41%
17 1.35 52% 17 1.05 63% 17 2.24 21% 17 1.50 47% 17 1.66 41%
18 1.24 56% 18 1.31 54% 18 1.63 42% 18 1.76 38% 18 1.84 35%
19 1.30 54% 19 1.18 58% 19 1.60 43% 19 1.30 54% 19 1.64 42%
20 1.31 54% 20 1.29 54% 20 1.59 44% 20 1.67 41% 20 1.77 37%
21 1.34 53% 21 0.88 69% 21 1.67 41% 21 1.65 42% 21 1.69 40%
22 1.24 56% 22 1.09 62% 22 1.44 49% 22 1.57 44% 22 1.68 41%
23 1.27 55% 23 1.21 57% 23 1.73 39% 23 1.58 44% 23 1.79 37%
24 1.31 54% 24 1.34 53% 24 1.48 48% 24 1.61 43% 24 1.78 37%
25 1.23 56% 25 1.35 52% 25 1.71 40% 25 1.75 38% 25 1.61 43%
26 1.22 57% 26 1.37 52% 26 1.66 41% 26 1.60 43% 26 1.83 36%
27 1.27 55% 27 1.37 51% 27 1.50 47% 27 1.52 46% 27 1.63 42%
28 1.21 57% 28 1.28 55% 28 1.78 37% 28 1.78 37% 28 2.33 18%
29 1.34 53% 29 1.44 49% 29 1.53 46% 29 1.70 40% 29 1.93 32%
30 1.28 55% 30 1.29 54% 30 1.63 42% 30 1.44 49% 30 1.72 39%
31 1.32 53% 31 1.41 50% 31 1.55 45% 31 1.52 46% 31 1.69 40%
32 1.33 53% 32 1.32 53% 32 1.62 43% 32 1.60 44% 32 1.51 47%
33 1.28 55% 33 1.45 49% 33 1.60 43% 33 1.58 44% 33 1.61 43%
34 1.33 53% 34 1.33 53% 34 1.86 34% 34 1.57 45% 34 1.79 37%
35 1.29 55% 35 1.35 52% 35 1.84 35% 35 1.74 39% 35 1.86 34%
36 1.29 54% 36 1.25 56% 36 1.66 41% 36 1.71 39% 36 1.54 46%
37 1.29 54% 37 1.35 52% 37 1.71 40% 37 1.94 32% 37 1.63 42%
38 1.22 57% 38 1.37 52% 38 1.82 36% 38 1.66 41% 38 1.48 48%
39 1.25 56% 39 1.46 49% 39 1.54 45% 39 1.72 39% 39 1.89 33%
40 1.28 55% 40 1.43 50% 40 1.62 43% 40 1.87 34%
41 1.33 53% 41 1.39 51% 41 1.64 42% 41 1.57 45%
42 1.44 49% 42 1.35 52% 42 1.72 39% 42 1.54 46%
43 1.33 53% 43 1.42 50% 43 1.53 46% 43 1.78 37%
44 1.19 58% 44 1.50 47% 44 1.95 31% 44 1.85 35%
45 1.38 51% 45 1.14 60% 45 1.66 41% 45 1.56 45%
46 1.34 52% 46 1.21 57% 46 1.93 32% 46 1.72 39%
47 1.21 57% 47 1.24 56% 47 1.72 39% 47 1.67 41%
48 1.34 53% 48 1.31 54% 48 1.66 41% 48 1.61 43%
49 1.32 53% 49 1.32 53% 49 1.65 42% 49 1.67 41%
50 1.34 53% 50 1.32 53% 50 1.75 38% 50 1.64 42%
51 1.12 60% 51 1.22 57% 51 1.73 39%
52 1.34 53% 52 1.31 54% 52 1.57 44%
53 1.15 59% 53 1.47 48% 53 1.67 41%
54 1.37 52% 54 1.25 56% 54 1.78 37%
55 1.31 54% 55 1.31 54% 55 1.55 45%
56 1.31 54% 56 1.35 52% 56 1.70 40%
57 0.93 67% 57 1.43 49% 57 1.87 34%
58 1.31 54% 58 1.35 52% 58 2.00 29%
59 1.39 51% 59 1.31 54% 59 2.07 27%
60 1.29 55% 60 1.18 58% 60 1.75 38%
61 1.28 55% 61 1.08 62% 61 1.45 49%
62 1.28 55% 62 1.32 53% 62 1.70 40%
63 1.27 55% 63 1.23 56% 63 1.64 42%
64 1.26 56% 64 1.07 62% 64 1.42 50%
65 1.31 54% 65 1.25 56% 65 1.75 38%
66 1.33 53% 66 1.31 54% 66 1.84 35%
67 1.22 57% 67 1.35 52% 67 1.96 31%
68 1.29 54% 68 1.38 51% 68 1.83 35%
69 1.24 56% 69 1.28 55% 69 1.52 46%
70 1.32 53% 70 1.35 52% 70 2.29 19%
71 1.48 48% 71 1.35 52% 71 1.77 38%
72 1.08 62% 72 1.33 53% 72 1.80 36%
73 1.29 54% 73 1.31 54% 73 1.79 37%
74 1.27 55% 74 1.45 49% 74 1.69 40%
75 1.29 54% 75 1.32 53% 75 1.69 40%
76 1.24 56% 76 1.36 52% 76 1.71 40%
77 1.30 54% 77 1.33 53% 77 1.60 43%
78 1.32 53% 78 1.40 50% 78 1.84 35%
79 1.13 60% 79 1.23 57% 79 1.71 40%
80 1.28 55% 80 1.39 51% 80 1.83 35%
81 1.40 51% 81 1.29 54% 81 1.70 40%
82 1.32 53% 82 1.22 57% 82 1.58 44%
83 1.26 55% 83 1.34 53% 83 1.73 39%
84 1.23 56% 84 1.30 54% 84 1.60 43%
85 1.38 51% 85 1.28 55% 85 1.89 33%
86 1.31 54% 86 1.22 57% 86 1.64 42%
87 1.31 54% 87 1.27 55% 87 2.05 27%
88 1.31 54% 88 1.12 61% 88 1.83 35%
89 1.20 58% 89 1.12 60% 89 1.84 35%
90 1.35 52% 90 1.25 56% 90 1.60 44%
91 1.29 55% 91 1.28 55% 91 1.73 39%
92 1.15 59% 92 1.49 47% 92 1.69 40%
93 1.39 51% 93 1.31 54% 93 1.74 38%
94 1.27 55% 94 1.30 54% 94 1.87 34%
95 1.31 54% 95 1.41 50% 95 1.76 38%
96 1.32 53% 96 1.32 53% 96 1.66 41%
97 1.31 54% 97 1.30 54% 97 1.78 37%
98 1.22 57% 98 1.10 61% 98 1.92 32%
99 1.19 58% 99 1.42 50% 99 1.77 37%
100 1.31 54% 100 1.38 51% 100 1.70 40%
Appendix A. Lapilli density measurements.
Appendices
A-4
clast clast clast clast clast clast clast clast clast clast clast clast clast clast clast
Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular
Southern Cone L8 L8 L8
160-5-A 1 1.91 32% 163-1-A 1 2.57 9% 164-1-A 1 1.57 44% 164-1-B 1 1.64 42% 164-1-C 1 1.86 34%
2 1.64 42% 2 2.46 13% 2 1.69 40% 2 1.64 42% 2 1.59 44%
3 1.56 45% 3 2.51 11% 3 1.69 40% 3 1.94 31% 3 2.07 27%
4 1.51 46% 4 2.57 9% 4 1.75 38% 4 1.66 41% 4 1.86 34%
5 1.82 36% 5 2.47 13% 5 1.82 36% 5 1.89 33% 5 1.70 40%
6 1.55 45% 6 2.39 16% 6 1.88 34% 6 2.12 25% 6 1.99 30%
7 1.54 45% 7 2.41 15% 7 2.04 28% 7 1.65 42% 7 1.76 38%
8 1.65 42% 8 2.56 10% 8 1.92 32% 8 1.62 43% 8 1.83 35%
9 1.63 42% 9 2.56 9% 9 2.02 29% 9 1.88 34% 9 1.95 31%
10 1.73 39% 10 2.63 7% 10 1.97 31% 10 1.57 44% 10 1.92 32%
11 1.58 44% 11 2.51 11% 11 1.75 38% 11 1.87 34% 11 1.87 34%
12 1.58 44% 12 2.71 4% 12 2.07 27% 12 1.92 32% 12 1.97 30%
13 1.63 42% 13 2.44 14% 13 1.60 44% 13 1.78 37% 13 2.08 26%
14 1.70 40% 14 2.57 9% 14 1.43 49% 14 1.82 36% 14 1.90 33%
15 1.66 41% 15 2.50 12% 15 1.78 37% 15 2.08 26% 15 1.93 32%
16 1.45 49% 16 2.42 14% 16 1.85 34% 16 1.82 36% 16 1.85 35%
17 1.56 45% 17 2.71 4% 17 1.43 50% 17 2.06 27% 17 1.79 37%
18 1.68 41% 18 2.48 12% 18 1.75 38% 18 1.79 37% 18 2.18 23%
19 1.67 41% 19 2.38 16% 19 1.64 42% 19 1.83 35% 19 1.76 38%
20 1.54 46% 20 2.51 11% 20 2.01 29% 20 1.86 34% 20 1.93 32%
21 1.66 41% 21 2.53 11% 21 1.80 37% 21 2.05 28% 21 1.56 45%
22 1.54 46% 22 2.56 10% 22 2.14 24% 22 1.76 38% 22 2.36 17%
23 1.83 35% 23 2.48 12% 23 1.70 40% 23 1.94 31% 23 1.92 32%
24 1.61 43% 24 2.51 11% 24 1.69 40% 24 1.59 44% 24 2.10 26%
25 1.69 40% 25 2.67 6% 25 1.72 39% 25 1.78 37% 25 1.84 35%
26 1.62 43% 26 2.40 15% 26 1.59 44% 26 2.08 26% 26 2.01 29%
27 1.89 33% 27 2.60 8% 27 1.97 30% 27 1.78 37% 27 2.21 22%
28 1.80 36% 28 2.66 6% 28 1.83 35% 28 1.96 31% 28 2.01 29%
29 1.50 47% 29 2.62 8% 29 1.71 40% 29 2.03 28% 29 1.89 33%
30 1.72 39% 30 2.70 5% 30 2.10 26% 30 1.49 47% 30 1.86 34%
31 1.65 42% 31 2.67 6% 31 1.72 39% 31 2.04 28% 31 2.10 26%
32 1.78 37% 32 2.77 2% 32 2.09 26% 32 1.82 36% 32 2.09 26%
33 1.86 34% 33 2.63 7% 33 1.82 36% 33 2.02 29% 33 1.73 39%
34 1.73 39% 34 2.58 9% 34 1.88 34% 34 1.94 32% 34 1.81 36%
35 1.75 38% 35 2.69 5% 35 1.79 37% 35 1.71 40% 35 1.99 30%
36 1.35 52% 36 2.66 6% 36 1.78 37% 36 1.94 32% 36 1.73 39%
37 2.77 2% 37 1.82 36% 37 2.01 29% 37 2.04 28%
38 2.58 9% 38 1.86 34% 38 1.98 30% 38 1.81 36%
39 2.51 11% 39 1.60 43% 39 1.90 33% 39 1.95 31%
40 2.38 16% 40 1.33 53% 40 1.87 34% 40 1.89 33%
41 2.83 0% 41 1.78 37% 41 1.84 35% 41 1.87 34%
42 2.43 14% 42 1.85 35% 42 2.02 29% 42 2.00 29%
43 2.65 6% 43 1.94 32% 43 2.18 23% 43 1.75 38%
44 2.75 3% 44 1.77 38% 44 1.66 41% 44 1.90 33%
45 2.29 19% 45 1.81 36% 45 1.77 38% 45 1.88 34%
46 2.04 28% 46 1.24 56% 46 1.85 35% 46 2.38 16%
47 2.44 14% 47 2.09 26% 47 1.91 33% 47 2.09 26%
48 2.54 10% 48 2.00 29% 48 1.97 30% 48 2.05 28%
49 2.63 7% 49 1.82 36% 49 2.00 29% 49 1.97 30%
50 2.74 3% 50 1.61 43% 50 1.95 31% 50 1.75 38%
51 2.60 8% 51 1.69 40% 51 2.09 26% 51 1.61 43%
52 2.66 6% 52 1.83 35% 52 1.90 33% 52 1.95 31%
53 2.75 3% 53 1.75 38% 53 1.84 35% 53 2.03 28%
54 2.72 4% 54 1.85 35% 54 1.83 35%
55 2.40 15% 55 1.97 30% 55 2.02 29%
56 2.66 6% 56 1.88 34% 56 2.13 25%
57 2.35 17% 57 2.04 28% 57 1.82 36%
58 2.29 19% 58 1.90 33% 58 2.22 22%
59 2.53 11% 59 1.95 31% 59 2.16 24%
60 2.57 9% 60 1.90 33% 60 1.89 33%
61 2.42 15% 61 1.75 38% 61 1.94 31%
62 2.61 8% 62 1.80 36% 62 2.04 28%
63 2.53 11% 63 1.83 35% 63 2.02 29%
64 2.72 4% 64 1.79 37% 64 2.06 27%
65 2.64 7% 65 1.81 36% 65 1.79 37%
66 2.66 6% 66 1.96 31% 66 1.87 34%
67 2.61 8% 67 2.15 24% 67 1.94 32%
68 2.73 4% 68 1.99 30% 68 2.15 24%
69 2.50 12% 69 1.73 39% 69 1.95 31%
70 2.53 10% 70 1.77 38% 70 2.39 16%
71 2.77 2% 71 1.58 44% 71 2.12 25%
72 2.62 7% 72 1.70 40% 72 2.11 25%
73 2.60 8% 73 1.74 38% 73 2.40 15%
74 2.64 7% 74 2.13 25% 74 1.98 30%
75 2.46 13% 75 2.07 27% 75 2.01 29%
76 2.38 16% 76 2.09 26% 76 2.10 26%
77 2.54 10% 77 2.11 25% 77 2.30 19%
78 2.72 4% 78 1.88 34% 78 2.14 24%
79 2.76 2% 79 1.48 48% 79 2.44 14%
80 2.78 2% 80 1.88 34% 80 2.15 24%
81 2.58 9% 81 1.91 33% 81 2.05 27%
82 2.68 5% 82 1.66 41% 82 2.34 17%
83 2.56 10% 83 1.72 39% 83 2.06 27%
84 2.50 12% 84 2.01 29% 84 2.29 19%
85 2.68 5% 85 1.90 33%
86 2.61 8% 86 1.53 46%
87 2.77 2% 87 2.09 26%
88 2.67 6% 88 1.93 32%
89 2.58 9% 89 1.88 34%
90 2.76 3% 90 2.03 28%
91 2.67 6% 91 2.21 22%
92 2.58 9% 92 1.89 33%
93 2.39 16% 93 2.25 21%
94 2.49 12% 94 2.14 24%
95 2.36 17% 95 2.06 27%
96 2.48 12% 96 2.48 13%
97 2.79 1% 97 2.17 23%
98 2.59 9% 98 2.11 25%
99 2.66 6% 99 2.15 24%
100 2.74 3% 100 2.05 28%
A-5
Appendices
clast clast clast clast clast clast clast clast clast clast clast clast
Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular Sample I.d. density vesicular
L8 L8 L8 L8
164-1-D 1 1.96 31% 164-1-E 1 1.74 38% 164-1-F 1 1.80 36% 164-1-G 1 2.00 29%
2 1.86 34% 2 2.11 25% 2 1.63 42% 2 1.69 40%
3 1.90 33% 3 1.82 36% 3 1.65 42% 3 1.79 37%
4 1.79 37% 4 2.03 28% 4 1.68 41% 4 2.10 26%
5 1.69 40% 5 1.94 31% 5 1.72 39% 5 2.05 27%
6 1.85 35% 6 2.00 29% 6 2.09 26% 6 2.08 26%
7 1.98 30% 7 1.97 30% 7 1.81 36% 7 1.65 42%
8 1.88 33% 8 1.77 37% 8 1.82 36% 8 2.05 28%
9 2.05 28% 9 1.97 30% 9 1.62 43% 9 2.11 25%
10 1.93 32% 10 2.00 29% 10 1.86 34% 10 2.01 29%
11 1.87 34% 11 2.01 29% 11 1.75 38% 11 1.90 33%
12 1.74 38% 12 2.10 26% 12 1.81 36% 12 2.09 26%
13 2.07 27% 13 1.90 33% 13 1.44 49% 13 2.02 29%
14 1.96 31% 14 2.06 27% 14 2.15 24% 14 2.12 25%
15 1.92 32% 15 1.94 31% 15 1.40 50% 15 2.17 23%
16 2.31 18% 16 1.90 33% 16 2.01 29% 16 1.98 30%
17 2.03 28% 17 2.13 25% 17 1.59 44% 17 1.85 35%
18 2.33 18% 18 1.80 36% 18 1.64 42% 18 2.03 28%
19 1.98 30% 19 1.99 30% 19 1.73 39% 19 1.60 43%
20 1.92 32% 20 1.67 41% 20 1.93 32% 20 2.11 25%
21 1.70 40% 21 2.10 26% 21 1.94 31% 21 1.82 36%
22 2.04 28% 22 1.70 40% 22 1.40 50% 22 2.31 18%
23 1.91 32% 23 2.03 28% 23 2.18 23% 23 1.64 42%
24 2.03 28% 24 1.65 42% 24 2.24 21% 24 1.67 41%
25 2.02 29% 25 1.94 32% 25 2.25 20% 25 1.83 35%
26 1.76 38% 26 2.06 27% 26 1.99 30% 26 1.77 37%
27 2.18 23% 27 1.90 33% 27 1.81 36% 27 2.17 23%
28 1.80 36% 28 1.95 31% 28 1.67 41% 28 1.70 40%
29 1.86 34% 29 2.11 25% 29 1.57 45% 29 1.86 34%
30 1.90 33% 30 1.61 43% 30 1.97 30% 30 2.02 29%
31 1.81 36% 31 1.92 32% 31 1.95 31% 31 1.88 34%
32 1.95 31% 32 1.96 31% 32 1.76 38% 32 2.07 27%
33 2.04 28% 33 1.91 32% 33 1.71 40% 33 2.19 23%
34 2.10 26% 34 2.05 28% 35 1.84 35% 34 1.68 41%
35 1.92 32% 35 2.23 21% 36 1.90 33% 35 2.00 29%
36 1.85 35% 36 2.04 28% 37 1.93 32% 36 2.02 28%
37 1.92 32% 37 1.72 39% 38 1.90 33% 37 2.11 26%
38 2.05 28% 38 1.84 35% 39 2.05 27% 38 1.92 32%
39 2.00 29% 39 2.18 23% 40 1.63 43% 39 1.84 35%
40 1.90 33% 40 2.23 21% 41 1.98 30% 40 2.09 26%
41 1.90 33% 41 2.05 28% 42 1.87 34% 41 1.86 34%
42 2.01 29% 42 2.11 25% 43 1.78 37% 42 2.07 27%
43 1.86 34% 43 2.11 25% 44 2.10 26% 43 1.88 34%
44 1.91 33% 44 2.02 29% 45 1.98 30% 44 1.84 35%
45 2.05 28% 45 2.30 19% 45 1.54 46%
46 2.08 27% 46 1.96 31% 46 1.76 38%
47 1.99 30% 47 1.96 31% 47 2.02 28%
48 1.95 31% 48 2.20 22% 48 1.89 33%
49 1.81 36% 49 1.83 35% 49 1.86 34%
50 1.99 30% 50 2.07 27% 50 2.04 28%
51 1.98 30% 51 1.97 31%
52 1.90 33% 52 2.06 27%
53 2.14 24% 53 1.95 31%
54 2.03 28% 54 1.79 37%
55 2.07 27% 55 2.06 27%
56 1.84 35% 56 1.95 31%
57 2.01 29% 57 2.00 29%
58 1.89 33% 58 2.27 20%
59 1.95 31% 59 1.96 31%
60 1.89 33% 60 2.35 17%
61 1.89 33% 61 2.23 21%
62 2.09 26% 62 2.19 22%
63 2.22 22% 63 2.34 17%















Appendix B. Vesicle image analysis
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Appendix B.2. Vesicle measurements.
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone
161-2-A(1) A continued…
scan 25x scan 25x scan 25x scan 25x scan 25x scan scan scan scan scan scan scan scan
0.1048385 0.0594136 0.0215053 0.1694224 0.25896 0.0215262 0.0094086 0.165958 0.1070786 0.0232741 0.0990141 0.2056447 0.0716844 0.7670234 0.0958779 0.2562718 0.0206093 0.0528673
0.0094086 0.0298721 0.0869174 0.0018896 0.0250895 0.0045666 0.0761647 0.0662793 0.4090493 0.0146762 0.0887095 0.3673827 0.1720426 0.0927417 0.5519701 0.0188172 0.0138889 0.0094086
0.0179211 0.2842026 0.0985661 0.0939153 0.1984763 0.0199358 0.0228494 0.0113064 0.0134408 0.071901 0.0183691 0.0273297 0.4314506 0.0094086 0.0094086 0.0371863 0.0824371 0.0246415
0.080197 0.0074956 0.0618278 0.1720049 0.5654109 0.0260771 0.0138889 0.0642479 0.016129 0.0135897 0.1182793 0.0663081 0.0546594 0.3010746 0.0228494 0.0116487 0.0183691 0.4574363
0.0474909 0.0401077 0.2320783 0.0945137 0.1335122 0.0068657 0.0094086 0.15177 0.0170251 0.0493197 0.0237455 0.016129 0.3284043 0.0201612 0.0407705 0.1151431 0.0380824 0.4166657
0.1908598 0.0211483 0.03181 0.0017322 0.2956983 0.0331003 0.047939 0.0272266 0.048387 0.0729403 0.1527774 0.3180996 0.3127233 0.0094086 0.0465949 0.3454293 0.0094086 0.1474011
0.2468632 0.1772172 0.0192652 0.1704775 0.0192652 0.0138416 0.0094086 0.0234788 0.0116487 0.0112591 0.0179211 0.0430107 0.0730285 0.0224014 0.1689064 0.0094086 0.0421146 0.4238342
0.1079747 0.070342 0.3010746 0.004047 0.1886197 0.0142983 0.0748206 0.0169123 0.243279 0.0063461 0.0465949 0.0878134 0.1339603 0.1518814 0.081541 0.0094086 0.4148736 0.0094086
0.0389784 0.0860576 0.1747308 0.010582 0.0376343 0.0955688 0.4301066 0.1157407 0.0094086 0.0145975 0.0304659 0.5116476 0.0730285 0.2576159 0.1581538 0.015681 0.0734765 0.0125448
0.0259856 0.1589821 0.4260743 0.0088656 0.0201612 0.1812642 0.1039424 0.0405171 0.2724008 0.0630669 0.0134408 0.0560035 0.1388886 0.0439067 0.1052865 0.2222217 0.1397846 0.1836913
0.016577 0.0313681 0.0873654 0.0533982 0.0201612 0.00137 0.12948 0.0099521 0.3902321 0.0625157 0.0094086 0.0309139 0.4525079 0.1303761 0.0376343 0.0470429 0.1330642 0.0389784
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0.2204296 0.014503 0.0940858 0.1595333 0.0730285 0.0071334 0.0259856 0.2580467 0.032258 0.0138889 0.0210573 0.064964 0.1590498 0.065412 0.0797489 0.2258059 0.0116487
0.0515232 0.0213372 0.1066306 0.0011968 0.0577956 0.3614575 0.0116487 0.0329113 0.1953401 0.0927417 0.0855733 0.0869174 0.0582436 0.0443547 0.2361106 0.0264336 0.1429208
0.0143369 0.0193216 0.0228494 0.0138731 0.0232974 0.0061099 0.016129 0.0203924 0.0560035 0.2307343 0.194892 0.2724008 0.0300179 0.016129 0.8033136 0.3024187 0.0210573
0.1030464 0.2009637 0.2562718 0.0110229 0.5542102 0.0873961 0.0241935 0.0013228 0.0430107 0.0577956 0.6935468 0.0183691 0.0192652 0.1088707 0.0094086 0.0179211 0.0138889
0.0954299 0.2836199 0.0094086 0.1783037 0.1424728 0.3729844 0.5416655 0.024093 0.0282257 0.0268817 0.0591397 0.0094086 0.097222 0.1088707 0.0304659 0.1388886 0.0685482
0.0286738 0.0078735 0.0465949 0.0106765 0.03181 0.0494929 0.0766127 0.0178729 0.0224014 0.0094086 0.0573475 0.0174731 0.0506271 0.2414869 0.0358422 0.0775088 0.0116487
0.0094086 0.0111961 0.2146053 0.1279132 0.2706087 0.0056374 0.0524192 0.0547525 0.0228494 0.1989243 0.0304659 0.0716844 0.4381711 0.0264336 0.4068091 0.1258958 0.0506271
Appendices
A-14
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone
161-2-A(2) A continued… 161-2-A(2) B continued…
scan scan 25x scan 25x scan 25x scan scan scan 25x scan 25x scan 25x scan scan scan
0.048835 0.663529 0.0034486 0.0344981 0.0279195 0.064964 0.0665785 0.1245517 0.1801071 0.0430107 0.0146133 0.777328 0.035793 0.0963259 1.0721687 0.0398745 0.0201612 0.0627239
0.0259856 0.6827942 0.078562 0.9265212 0.0079365 0.1052865 0.0462018 0.1429208 0.0873654 0.0232974 0.0078263 0.1836913 0.0014645 0.1411287 0.0029289 0.1666663 0.210125 0.2625442
0.0232974 0.0224014 0.005165 0.0936378 0.4495937 0.0421146 0.0097632 0.4578843 0.0340501 0.0286738 0.0051808 0.0259856 0.009527 0.0430107 0.0334625 0.0201612 0.4480277 0.1075266
0.146057 0.4825258 0.0044722 0.03181 0.1407155 0.0582436 0.0085191 0.0958779 0.0757167 0.7146041 0.0230537 0.1482972 0.1803823 0.0295698 0.8391282 0.080197 0.0685482 0.1859315
0.0985661 0.0564515 0.0042202 0.1335122 0.0620433 0.1003582 0.0743418 0.0215053 0.0259856 0.1841394 0.0007086 0.064964 0.0218411 0.0407705 0.1624307 0.518816 0.0259856 0.0568995
0.2325264 0.1146951 0.0288801 0.032706 0.0163927 0.2553758 0.1629346 0.2195336 0.032706 0.081093 0.0117315 0.1527774 0.0044722 0.0864693 0.0323602 0.0887095 0.7087798 0.0842292
0.0349462 0.0698923 0.0245654 0.032706 0.1722569 0.2540317 0.0091175 0.0201612 0.1200714 0.0443547 0.459908 0.0201612 0.0332263 0.3870959 0.0059839 0.049283 0.0851253 0.3051068
0.1648742 0.1061826 0.0134165 0.3785834 0.0218096 0.1594979 0.0230064 0.0385304 0.0250895 0.0900536 0.0019841 0.0259856 0.0164084 0.4551961 0.1625252 0.0905016 0.0201612 0.2661284
0.0094086 0.0618278 0.0589884 0.0259856 0.0614607 0.0698923 0.0248016 0.0250895 0.0295698 0.0600357 0.0630511 0.2679205 0.0017794 0.0766127 0.0191484 0.6142459 0.5851241 0.2889778
0.0224014 0.1765229 0.1403849 0.0268817 0.0083774 0.0900536 0.003795 0.7983853 0.1644262 0.1249997 0.0098419 0.7213246 0.6073476 0.0797489 0.0164242 0.1868275 0.0389784 0.0313619
0.0179211 0.0291218 0.0218254 0.2240138 0.0616812 0.404121 0.0282974 0.3422931 0.032258 0.6514322 0.0100309 0.0232974 0.1933894 0.0506271 0.0016849 0.0909496 1.6218602 0.0819891
0.1738347 0.1447129 0.0267385 0.1711466 0.1221025 0.0591397 0.0189909 0.0555554 0.0689963 0.1424728 0.0020629 0.0309139 0.037226 0.0376343 0.0213215 0.0456988 0.0358422 0.4843179
0.1102148 0.1917558 0.0929863 0.2437271 0.0642322 0.2168454 0.009338 0.0869174 0.0344981 0.032706 0.0290533 0.0734765 0.1165753 0.663977 0.0257149 0.1698025 0.0250895 0.0994621
0.306899 0.1581538 0.1522424 0.5949808 0.0883566 0.0380824 0.0481702 0.0313619 0.0286738 0.1895157 0.1391723 0.0913976 0.0934587 0.12948 0.0075743 0.0232974 0.1048385 0.1545695
0.081541 0.0779568 0.0078893 0.0613798 0.0136842 0.0448028 0.0262031 0.0192652 0.1267918 0.1769709 0.0046611 0.4462356 0.0046611 0.0465949 0.0580436 0.5568984 0.6818981 0.0564515
0.1442649 0.1097668 0.1143235 0.0900536 0.0634448 0.2038526 0.106513 0.0201612 0.1353044 0.3490136 0.0163769 0.2150533 0.0392416 0.048835 0.0306122 0.0788529 0.0412185 0.0582436
0.0600357 0.047939 0.0435563 0.0380824 0.0534769 0.3163075 0.0462176 0.1832433 0.2320783 0.1263438 0.0672714 0.0896055 0.0213215 0.3046588 0.1116623 0.0931898 0.0828851 0.0600357
0.032258 0.0416666 0.0009133 0.1057345 0.0541541 0.080197 0.1071901 0.1258958 0.0681002 0.09767 0.0446744 0.1223116 0.027951 0.0819891 0.0632401 0.2983864 0.1357524 0.1577057
0.0869174 0.0739246 0.0334625 0.6048374 0.0230852 0.048387 0.2118922 0.0201612 0.6904106 0.0954299 0.1221025 0.0340501 0.0405801 0.0689963 0.0051965 0.1514334 0.0452508 0.8042097
0.0179211 0.1102148 0.0590199 0.1989243 0.0169596 0.1653222 0.0034329 0.0474909 0.1034944 0.1088707 0.0130071 0.2016125 0.2977135 0.9525068 0.4271384 0.0421146 0.064516 0.6088696
0.0891575 0.0416666 0.0008188 0.0748206 0.0206916 0.2607521 0.0860733 0.0309139 0.065412 0.0295698 0.0604056 0.3261641 0.3903219 0.2741929 0.0563744 0.1796591 0.2222217 0.3319885
0.0837812 0.259408 0.0048501 0.193996 0.0610985 0.0833331 0.0519967 0.1500893 0.1666663 0.5887084 0.0130385 0.2965943 0.0286439 0.0206093 0.2770849 0.2612001 0.3333326 0.0250895
0.0542113 0.4516119 0.0492882 0.1285839 0.0104875 0.1021503 0.005354 0.3965045 0.0465949 0.1339603 0.0071964 0.0636199 0.0409266 0.2119171 0.1854844 0.0336021 0.0627239 0.0416666
0.0349462 0.032706 0.0350687 0.1353044 0.0567523 0.4919344 0.0136054 0.1048385 0.0555554 0.6899626 0.0034486 0.0376343 0.0091333 0.0394264 0.019983 0.1326162 0.0564515 0.0421146
0.0179211 0.0448028 0.0129126 0.0385304 0.0271164 0.0201612 0.0037635 0.4018808 0.065412 0.1536735 0.0044564 0.0264336 0.0070232 0.2988345 0.00822 0.4551961 0.0931898 0.1249997
0.2983864 0.0506271 0.0149439 0.2643363 0.0065193 0.1017023 0.0530045 0.3597662 0.0945338 0.0443547 0.0543273 0.0201612 0.0097317 0.2992825 0.089333 0.3799275 0.1370965 0.2773291
0.0385304 0.0891575 0.0197625 0.0201612 0.0058736 0.015681 0.0086609 0.2119171 0.3051068 0.1115589 0.0767511 0.1980282 0.208727 0.0232974 0.0450838 0.8508046 0.0869174 0.1182793
0.2302862 0.0667561 0.0491623 0.1043904 0.0712868 0.1272399 0.0277935 1.4050148 0.032706 0.3799275 0.1230946 0.1966841 0.0020156 0.2522396 0.3741182 0.3669347 0.0748206 0.0201612
0.3991927 0.6989232 0.0047399 0.2791212 0.0099994 0.3185477 0.0293682 0.630823 0.4184578 0.1258958 0.0494142 0.1406807 0.1582892 0.5277766 1.4354214 0.0524192 0.0389784 0.3808235
0.3624544 0.0694443 0.0106765 0.0510752 0.0332735 0.1536735 0.052973 0.1124549 0.2051967 0.4583323 0.0300296 1.4359287 0.0753811 1.1711443 0.0801209 0.4126335 0.5913965 0.0560035
0.0282257 0.0618278 0.0042674 0.1550176 0.010771 0.0201612 0.0975529 0.0197132 0.0353942 0.0250895 0.0867977 1.1321659 0.0104088 0.1706985 0.1399124 0.5197121 0.0846772 0.1160392
0.0389784 0.0201612 0.1281022 0.0878134 0.0051808 0.0676522 0.0052438 0.0376343 0.0349462 0.09767 0.0021573 0.0940858 0.001307 0.3624544 0.0043147 0.0452508 0.0524192 0.0770608
0.1827953 0.032706 0.0217939 0.1272399 0.0161407 0.2132612 0.2184272 0.0259856 0.0551074 0.4780455 0.2058296 0.0775088 0.1367788 0.113799 0.1072531 0.064964 0.0945338 0.0201612
0.2244619 0.2531356 0.0617756 0.0201612 0.1126228 0.3060029 0.0480127 0.0394264 0.2190855 0.5869163 0.0028345 0.145609 0.0063618 0.371863 0.1188429 0.1348563 0.0340501 0.0201612
0.0716844 0.1680104 0.0219829 0.0913976 0.0406274 0.0533153 0.0243922 0.1859315 0.1930999 0.0761647 0.026392 0.8570769 0.2484883 0.064964 0.1409045 0.0367383 0.4547481 0.0474909
0.1241037 0.5546583 0.0104718 2.6859259 0.007842 0.0730285 0.1740993 0.1178313 0.0201612 0.2016125 0.1317555 0.2352145 0.0362969 0.3687268 0.002551 0.8938152 0.1563617 0.0586916
0.047939 0.3387089 0.1228899 0.0542113 0.079743 0.1980282 0.0058736 0.3310925 0.0201612 0.0828851 0.0299036 0.0349462 0.0081412 0.1841394 0.0842782 0.0681002 0.9198008 0.0295698
0.0286738 0.1411287 0.0080625 0.0909496 0.051666 0.0421146 0.0790029 0.0201612 0.0748206 1.5654087 0.1481324 0.0551074 0.7559051 0.1254477 0.0017322 0.6003571 0.0560035 0.1886197
0.12948 0.0295698 0.0058422 0.2141572 0.1250472 0.0604837 0.0315098 0.1635301 0.0295698 0.0667561 0.1016944 0.274641 0.1054264 0.2831535 0.0073854 0.0524192 0.1966841 0.0739246
0.0533153 0.146057 0.013385 0.5600346 0.0043934 0.1603939 0.0248016 0.4802857 0.0389784 0.2217737 0.0442019 0.307347 0.033368 0.0676522 0.0066295 0.1146951 0.2132612 0.1317201
0.0246415 0.2172934 0.1207955 0.1370965 0.026707 0.1375445 0.0083932 0.0586916 0.0586916 0.1187273 0.0662635 0.1818992 0.2690854 0.1984763 0.0581696 0.0766127 0.1711466 0.1142471
0.3028667 0.047939 0.0313051 0.0349462 0.0754598 0.9610194 0.0140464 0.0232974 1.1666641 0.0201612 0.0458081 0.1895157 0.0160147 0.0201612 0.0137944 0.3947124 0.03181 0.065412
0.0515232 0.0259856 0.0630354 0.0595877 0.0027242 0.0425626 0.2038297 0.4359309 0.0573475 0.0748206 0.0701058 0.1550176 0.0026612 0.5855722 0.0035116 0.1438169 0.1447129 0.4959666
0.0232974 0.2114691 0.0547682 0.0846772 0.0654132 0.1801071 0.03573 0.0439067 0.0201612 0.7867366 0.0917737 0.0416666 0.0618386 0.0430107 0.8031778 0.0586916 0.0797489 0.0434587
0.0147849 0.1258958 0.0176997 0.0201612 0.1382905 0.1957881 0.0127708 0.0913976 0.3109312 0.2486554 0.2014991 0.1088707 0.2127268 0.0542113 0.0709404 0.0201612 0.2580639 0.2069888
0.0833331 0.0474909 0.0791131 0.064516 0.0045037 0.1362004 0.1995307 0.2181895 0.0819891 0.0497311 0.0008188 0.0232974 0.0243764 0.03181 0.0184713 0.0286738 0.2284941 0.0456988
0.0416666 0.5604826 0.0112119 0.0412185 0.0068185 0.2535837 0.2340168 0.2576159 0.1321682 0.2836015 0.1054107 0.0873654 0.0344073 0.0604837 0.0456349 0.0340501 0.0295698 0.2441751
0.0403225 0.0286738 0.0356198 0.161738 0.0132275 0.0878134 0.0060941 0.0936378 0.0358422 0.4036729 0.1421643 0.0568995 0.0280297 0.0340501 0.0081885 0.0358422 0.35663 0.0398745
0.0362902 0.0900536 0.0175422 0.0295698 0.0141881 0.307347 0.0410525 0.0734765 0.0627239 0.0232974 0.0912069 0.1818992 0.0025983 0.03181 0.0052753 0.1379925 2.0179166 0.5891564
0.1971322 0.0533153 0.2067114 0.0546594 0.1402116 1.6572544 0.0016377 0.0568995 0.0551074 0.0232974 0.0258409 0.2289421 0.1685721 0.1178313 0.1269684 0.1438169 0.4489237 0.0846772
1.165768 0.081093 0.0681059 0.0981181 0.0395566 0.1429208 0.0281872 0.0766127 0.2235658 0.0151959 0.4735653 0.1176619 0.1756268 0.5668777 0.0259856 0.4753574 0.0613798
0.1568097 0.0434587 0.0018739 1.1899615 0.0302501 0.0385304 0.0060469 0.0291218 0.0896055 0.1414872 0.2204296 0.0144243 0.0376343 0.0124244 0.032258 0.0586916 0.0232974
0.032706 0.2181895 0.0404856 0.0295698 0.0312579 0.0259856 0.021416 0.1317201 0.3853038 0.0433673 0.1890677 0.0025353 0.0927417 0.2460632 0.25896 0.4171138 0.0416666
0.1675623 0.0286738 0.0565949 0.0461469 0.1318815 0.065412 0.0260771 0.0452508 0.3207878 0.0126134 0.0600357 0.0546737 0.0999102 0.0588152 0.0353942 0.0443547 0.9251771
0.0179211 0.0421146 0.0924509 0.0788529 0.082672 0.0555554 0.0277935 0.0528673 0.0358422 0.1774691 0.0259856 0.3582766 0.9856609 0.1615331 0.2988345 0.047939 0.0295698
0.1057345 0.0775088 0.0293682 0.1362004 0.0123457 0.1303761 0.0674288 0.1635301 0.1993723 0.0317303 0.0295698 0.0128496 0.2441751 0.2943594 1.4816275 0.3606623 0.2607521
0.1599459 0.0232974 0.0527053 0.0291218 0.0216679 0.1832433 0.0007086 0.0716844 1.0125425 0.0039525 0.4381711 0.1722411 0.0201612 0.0172745 0.242383 0.0376343 0.4072572
0.3360208 0.0277777 0.0149439 0.2692646 0.0291005 0.1429208 0.0633661 0.033154 0.1442649 0.1401329 0.1980282 0.0509889 0.0551074 0.0124559 0.1164872 0.0232974 0.0694443
0.0241935 0.0295698 0.0120465 0.0201612 0.0030707 0.4955186 0.0089443 0.3767913 0.3606623 0.0815382 0.3122753 0.0148337 0.1711466 0.0167391 0.1021503 0.1993723 0.0425626
0.0219534 0.065412 0.0742945 0.2289421 0.0937264 0.3629024 0.0048343 0.1258958 0.5766116 0.1403691 0.1379925 0.075822 0.7862886 0.0034329 0.1254477 2.3848513 0.0376343
0.1693545 0.0931898 0.0132275 0.0201612 0.0251323 0.1362004 0.0454302 0.0201612 0.1411287 0.0674446 0.0201612 0.0022046 0.1675623 0.1607773 0.0201612 0.0201612 0.0766127
0.2401428 0.1429208 0.0055587 0.1173833 0.0488631 0.0425626 0.0553193 0.0560035 0.0506271 0.0653187 0.1146951 0.0056059 0.1339603 0.0076373 0.0259856 0.1541215 0.1164872
0.0183691 0.0295698 0.0090073 0.0887095 0.0757118 0.1214155 0.0075113 0.1209675 1.1590476 0.1097884 0.1146951 0.0729718 0.7186364 0.002614 0.047939 0.1263438 0.194892
0.0134408 0.0259856 0.1001984 0.0250895 0.0501701 0.1975802 0.0273684 0.5004469 0.1357524 0.0897109 0.4260743 0.0036218 0.4318987 0.0073381 0.2374547 0.080197 0.2410389
0.0542113 0.1066306 0.0914431 0.0775088 0.1149219 0.0878134 0.004047 0.0201612 0.1657702 0.0062673 0.0667561 0.0072751 0.9139765 0.8200901 0.0873654 0.1008062 0.0667561
0.0264336 0.2370066 0.0115583 0.0232974 0.0188807 0.0582436 0.0286596 0.0819891 0.7961452 0.01444 0.6079736 0.0024093 0.1500893 0.0032281 0.8158584 0.1008062 0.0259856
0.0568995 0.2007164 0.1114103 0.0568995 0.1021196 0.0506271 0.0175737 0.5743715 0.0286738 0.169139 0.0201612 0.018487 0.1285839 0.0707672 0.0631719 0.4139776 0.0528673
1.0712342 0.0232974 0.0023778 0.081093 0.0098104 0.0864693 0.0038738 0.0685482 0.1070786 0.1804453 0.1196234 0.4814815 0.3198918 0.0097317 0.0927417 0.1339603 0.0725805
0.3387089 0.0313619 0.0139361 0.1191754 0.0769558 0.7594069 0.0017794 0.1124549 0.2499994 0.0794596 0.1276879 0.1348262 0.1756268 0.1005606 0.2065408 0.0421146 0.1285839
0.0851253 0.1258958 0.015873 0.0618278 0.0730348 0.0564515 0.0083144 0.2576159 0.1236556 0.2584404 0.0210573 0.0260456 0.065412 0.0287069 0.065412 0.0304659 1.6079713
0.0855733 0.0376343 0.0034014 0.0510752 0.025211 0.0304659 0.0105663 0.2473113 0.0358422 0.0314941 0.1357524 0.0138259 0.307795 0.0754598 0.048387 0.5591385 0.0232974
0.1563617 0.0389784 0.0063776 0.0412185 0.0502646 0.3436372 0.0027715 0.09767 0.1474011 0.0183138 0.1742828 0.1149849 0.3991927 0.3777085 0.2029565 0.129928 0.0380824
0.0094086 0.0232974 0.074704 0.3606623 0.0051178 0.1057345 0.0201612 0.0385304 0.1241182 0.0340501 0.4425705 0.2123651 0.2391818 0.614694 0.1729387 0.2356626
0.0658601 0.0385304 0.0138731 0.0353942 0.1053634 0.0398745 0.0524192 0.469533 0.1491402 0.0510752 0.0132433 0.0259856 0.369772 0.1648742 0.032258 0.1169352
0.0336021 0.259408 0.2706601 0.1366484 0.0386905 0.0353942 0.1196234 0.1554656 0.1746504 0.0573475 0.0040785 0.2146053 0.0258724 1.5008927 0.0232974 0.1406807
0.0125448 0.0694443 0.0175894 0.0891575 0.0061886 0.2410389 0.1689064 0.0232974 0.0106135 0.0510752 0.0230064 0.032258 0.00137 0.1227596 0.047939 0.1810032
0.0197132 0.0313619 0.0060154 0.2177414 0.0202192 0.0990141 1.4713229 0.1433689 0.0039997 0.1765229 0.0007086 0.1124549 0.0491938 0.356182 0.0259856 0.1142471
0.0250895 0.0752686 0.0524376 0.0201612 0.0137629 0.0703403 0.1998203 0.3996407 0.0395723 0.0784048 0.0168966 0.8673816 0.5300926 0.0286738 0.0497311 0.420698
0.2728489 0.0273297 0.0053225 0.0434587 0.017432 0.2983864 0.161738 0.1438169 0.0077318 0.0560035 0.0011653 0.1922039 0.0307697 0.1120069 0.3821676 0.1415767
0.0313619 0.6178302 0.1313303 0.0179211 0.1147014 0.2508955 0.0197132 0.2836015 0.0011338 0.1258958 0.0116843 0.0990141 0.1098671 0.2114691 0.064516 0.3382609
0.0600357 0.0515232 0.3016345 0.0232974 0.0017164 0.0286738 0.0201612 0.3965045 0.0109127 0.0842292 0.0815382 0.0681002 0.1076625 0.3965045 0.0232974 0.081093
0.0286738 0.5295687 0.0008188 0.0197132 0.0414462 0.0622758 0.0470429 0.1653222 0.1027022 0.0734765 0.0040942 0.0192652 0.0046454 0.0259856 0.5165759 0.0398745
0.4090493 0.0918457 0.0671769 0.0506271 0.0234316 0.064068 0.0582436 0.0797489 0.0254315 0.1079747 0.073334 0.2060927 0.003858 0.2213257 0.2405909 0.080197
0.1429208 0.081541 0.1722254 0.0425626 0.0372103 0.1285839 0.0689963 0.1581538 0.0114166 0.0909496 0.0099521 0.1008062 0.0098891 0.3956084 0.0757167 0.1482972
0.0116487 0.1823473 0.0032596 0.0931898 0.0291163 0.3198918 0.1160392 0.1276879 0.2097033 0.0425626 0.0723104 0.048387 0.0008818 0.0380824 0.0232974 0.6133499
0.0295698 1.3808213 0.0266125 0.0421146 0.0086924 0.0295698 0.1747308 0.4843179 0.1445893 0.033154 0.007716 0.049283 0.32968 0.3337806 0.243279 0.1214155
0.0560035 0.0564515 0.0133692 0.0797489 0.058516 0.0676522 0.0931898 0.0367383 0.2688492 0.0353942 0.0027557 0.2078848 0.3106261 0.1630821 0.0878134 0.0201612
0.080645 0.0564515 0.0107395 0.015681 0.0368481 0.1003582 2.2226653 0.0882615 0.0091963 0.0891575 0.0204082 0.0201612 0.0271321 0.0752686 0.1227596 0.1312721
0.0094086 0.0264336 0.059634 0.0232974 0.0330058 0.2244619 0.3485655 0.177867 0.1583207 0.0672042 0.0139361 0.0672042 0.0446744 0.22715 0.1276879 0.4587803
0.0291218 0.2598561 0.0109442 0.4762534 0.1774219 0.2701607 0.0515232 0.5604826 0.0131015 0.0201612 0.0393991 0.0537633 0.0151014 0.0770608 0.340053 0.0510752
0.097222 0.0353942 0.1999559 0.0788529 0.0022361 0.0439067 0.0470429 0.0268817 0.0364859 0.1124549 0.0520755 0.6339592 0.0316043 0.5586905 0.0389784 0.0434587
0.3637985 0.0201612 0.0104875 0.0694443 0.0685154 0.0528673 0.0277777 0.0430107 0.0171328 0.1648742 0.0044092 0.1671143 0.0091805 0.0752686 0.6411276 0.0353942
0.0224014 0.2222217 0.0561067 0.0210573 0.038344 0.2137092 0.6223104 0.4327947 0.0012598 0.0264336 0.0015275 0.1236556 0.0159203 0.4005367 0.1276879 0.1070786
0.146057 0.1886197 0.0075901 0.2208776 0.0575082 0.2146053 0.0613798 0.0922937 0.0009291 0.2544797 0.0021888 0.3646945 0.1162761 0.4354829 0.0295698 0.2302862
1.6827919 0.0336021 0.0345175 0.0232974 0.083853 0.113351 0.0577956 0.0412185 0.0085821 0.0497311 0.0636653 0.1998203 3.2172867 0.0775088 0.0430107
0.0215053 0.5976689 0.0319665 0.0734765 0.0011495 0.0613798 0.1245517 0.0470429 0.0209908 0.2531356 0.1177091 0.0851253 0.1182793 0.2800173 0.162634
0.3055549 0.0949819 0.0630826 0.0546594 0.0806248 0.0224014 0.0936378 0.032706 0.0008188 0.1635301 0.0010078 0.09767 0.2043006 0.1142471 0.2307343
0.1115589 0.0663081 0.0048501 0.1362004 0.0022676 0.064068 0.2580639 0.0412185 0.1953735 0.0958779 0.0270692 0.275089 0.0421146 0.3216839 0.0250895
0.1675623 0.0277777 0.0364544 0.4121855 0.0238568 0.0788529 0.0259856 0.5918446 0.0017007 0.2710567 0.5714443 0.6702494 0.0837812 0.3060029 0.4198019
0.4632606 0.0712364 0.11056 0.2352145 0.0795698 0.3767913 0.0591397 0.1321682 0.0050391 0.5743715 0.0232269 0.0259856 0.0304659 0.4032249 0.2060927
0.0210573 0.0259856 0.077255 0.016577 0.0419974 0.0188172 0.0837812 0.0304659 0.0515401 0.2338704 0.130354 0.6003571 0.0259856 0.081541 0.2025085
0.0138889 0.1438169 0.0223923 0.0667561 0.0636338 0.1801071 0.09767 0.7101239 0.0337459 0.1890677 0.0174792 0.0201612 0.1913078 0.0663081 0.1648742
0.0891575 0.1124549 0.3301367 0.0725805 0.0008188 0.033154 1.0891553 0.0739246 0.0497921 0.4793896 0.0060311 0.1998203 0.3104832 0.6066295 0.0201612
0.0241935 0.0201612 0.0275258 0.048835 0.1044501 0.0672042 0.0685482 0.064068 0.0027557 0.09767 0.0180933 0.064964 0.0582436 0.2446231 0.0631719
0.2679205 0.1043904 0.0209593 0.096774 0.2316547 0.3279563 0.1164872 0.0963259 0.0088026 0.4498198 0.6753433 0.2249099 0.0985661 0.8046577 1.2343162
0.0094086 0.0228494 0.0008188 0.162186 0.0889865 0.0259856 0.0927417 0.0250895 0.0883409 0.0232974 0.1715797 0.3449813 0.1545695 0.0851253 0.1353044
0.080645 0.1653222 0.4036281 0.0667561 0.1253779 0.0430107 0.1106628 0.1232076 0.1403376 0.0990141 0.0835695 0.0757167 0.2934581 0.2665765 0.3767913
0.162186 0.0201612 0.1170635 0.0273297 0.0190224 0.0282257 0.1160392 0.0232974 0.0128338 0.4901423 0.0384385 0.2396948 0.0913976 0.0797489 0.033154
0.0291218 0.3288523 0.0048816 0.0403225 0.0042045 0.3875439 0.2217737 0.1962361 0.0997417 0.0546594 0.0574295 0.2235658 0.0994621 0.2688166 1.26299
0.1008062 0.0295698 0.0206444 0.0595877 0.1004189 0.1881716 0.0250895 0.4677409 0.0518707 0.032706 0.0076688 0.1581538 0.097222 0.0250895 0.1657702
0.1836913 0.0201612 0.0019841 0.0528673 0.0165501 0.2553758 0.0425626 0.0403225 0.0072121 0.0259856 0.1200712 0.2473113 0.0286738 0.1205194 0.2849456
A-15
Appendices
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone
161-2-A(3) A continued… 161-2-A(3) B continued…
scan scan scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x
0.1420248 0.0259856 0.1267918 0.0264235 0.0860213 0.0177627 0.0188172 0.0082672 0.0703403 0.0151014 0.0627239 0.009464 0.0542113 0.0061728 0.9171126 0.0014802 0.0295698 0.0174162
0.0470429 0.0739246 0.0425626 0.0685154 0.0259856 0.0083617 0.0138889 0.0203609 0.0188172 0.0391944 0.1052865 0.0188964 0.0465949 0.0069917 0.307795 0.0284392 0.3225799 0.0004409
0.1680104 0.4825258 0.0595877 0.0957892 0.0344981 0.196649 0.0210573 0.0575397 0.0721325 0.0012283 0.0107527 0.0902463 0.0716844 0.0480127 0.1120069 0.0007401 0.0152329 0.0100151
0.0519712 0.0564515 0.0143369 0.0275258 0.0129928 0.1055367 0.0407705 0.0071334 0.2598561 0.0003464 0.0116487 0.0091963 0.0739246 0.0005826 0.2526876 0.2590545 0.0367383 0.0845931
0.097222 0.0340501 0.1469531 0.0453042 0.2208776 0.0114953 0.1263438 0.0101726 0.0555554 0.0069759 0.0958779 0.0217624 0.0533153 0.0113064 0.0206093 0.1143078 0.3808235 0.2213876
0.6536724 0.0524192 0.0515232 0.0060469 0.0407705 0.0250693 0.0232974 0.0035431 0.0143369 0.0394148 0.0470429 0.0858056 0.0376343 0.0266125 0.0627239 0.0131488 0.0228494 0.0266125
0.033154 0.0201612 0.0219534 0.0176052 0.0188172 0.0157628 0.0273297 0.0043304 0.0120967 0.013511 0.0546594 0.0036376 0.0197132 0.0827664 0.2612001 0.0006456 0.0089606 0.0027242
0.146057 0.0448028 0.0174731 0.0034486 0.0089606 0.0026612 0.1079747 0.0686256 0.0282257 0.030754 0.0237455 0.0137944 0.2387987 0.0497134 0.0385304 0.6624465 0.1057345 0.1114103
0.3275082 0.1097668 0.0497311 0.0035431 0.0501791 0.0404227 0.0309139 0.0302343 0.0098566 0.003984 0.0439067 0.0610198 0.0147849 0.0180776 0.0152329 0.0276203 0.0103046 0.0008031
0.1008062 0.064964 0.0098566 0.0418714 0.0152329 0.040155 0.0179211 0.0030234 0.0954299 0.0040627 0.0250895 0.0358875 0.0259856 0.0112434 0.0107527 0.1572814 0.0869174 0.1857993
0.1276879 0.3978486 0.0309139 0.0510204 0.0452508 0.0042832 0.0237455 0.0367221 0.0129928 0.0131488 0.0412185 0.0494457 0.048835 0.0043462 0.0609318 0.0376669 0.0215053 0.0229277
0.2804653 0.080197 0.0107527 0.0576972 0.0376343 0.0144715 0.0143369 0.0155581 0.0183691 0.0124244 0.0246415 0.0018896 0.03181 0.0008503 0.4637086 0.1547777 0.03181 0.3926367
0.1845874 0.6523283 0.3844077 0.0937894 0.0703403 0.1171895 0.0748206 0.0667989 0.0219534 0.0025825 0.016129 0.0294312 0.0094086 0.0880417 0.0183691 0.0063461 0.0291218 0.0062673
0.3449813 0.1482972 0.0134408 0.0339506 0.0197132 0.0034801 0.0206093 0.0207389 0.0192652 0.0134952 0.0403225 0.001307 0.0143369 0.0005197 0.0107527 0.0187862 0.0860213 0.0017952
0.3413971 0.0201612 0.0439067 0.0050076 0.0949819 0.0538864 0.0152329 0.0395093 0.0089606 0.0922934 0.1151431 0.0822153 0.0188172 0.0129441 0.1388886 0.0542171 0.0533153 0.0133062
0.0519712 0.3615583 0.0210573 0.0328168 0.0595877 0.0631771 0.0448028 0.0316043 0.0138889 0.0110387 0.0367383 0.0266912 0.0940858 0.0008188 0.0358422 0.1485733 0.0304659 0.0013542
0.2011644 0.0497311 0.1653222 0.0053697 0.0353942 0.0034329 0.0147849 0.1081822 0.0103046 0.0622953 0.1034944 0.0432729 0.0250895 0.0015747 0.03181 0.2323476 0.0309139 0.182146
0.4489237 0.0600357 0.0282257 0.1009385 0.032706 0.0276833 0.0134408 0.0376827 0.0273297 0.0416824 0.0210573 0.002803 0.0210573 0.0185658 0.4892462 0.0005669 0.0129928 0.0025825
0.0622758 0.2410389 0.048387 0.011763 0.0336021 0.0159675 0.0215053 0.0022361 0.1223116 0.006913 0.0237455 0.0025668 0.0291218 0.0027715 0.0497311 0.0152274 0.0636199 0.1642889
0.4238342 0.0232974 0.0609318 0.0031809 0.0730285 0.0416667 0.0098566 0.0040942 0.0103046 0.013259 0.0246415 0.0874591 0.0152329 0.0050076 0.1850354 0.4893393 0.0546594 0.079617
0.0878134 0.3342286 0.0568995 0.0265495 0.0421146 0.0177312 0.0528673 0.0081255 0.0340501 0.0152746 0.0277777 0.00411 0.0170251 0.0312264 0.0134408 0.0144243 0.0089606 0.0299666
0.0403225 0.1227596 0.0268817 0.0723891 0.0380824 0.0137314 0.016577 0.0035116 0.0089606 0.0428949 0.0439067 0.0085191 0.0546594 0.008031 0.275537 0.0245339 0.5649629 0.0874748
0.0676522 0.0358422 0.0259856 0.0049918 0.0367383 0.0234158 0.0474909 0.0187232 0.0125448 0.0009763 0.0770608 0.0644526 0.0703403 0.0246756 0.0282257 0.0328326 0.0241935 0.004236
0.0201612 0.1751788 0.0389784 0.0196208 0.0250895 0.0186602 0.0152329 0.0079995 0.0120967 0.0229119 0.1666663 0.0017952 0.0940858 0.0309744 0.0246415 0.0131173 0.0636199 0.1430776
0.1236556 0.064068 0.0103046 0.0195578 0.0999102 0.0133062 0.0250895 0.0061886 0.0295698 0.0010236 0.1209675 0.0061256 0.0188172 0.011889 0.0380824 0.0119678 0.0089606 0.0277148
0.0295698 0.033154 0.0577956 0.0866717 0.1263438 0.0820421 0.0519712 0.0273369 0.0089606 0.0062673 0.0089606 0.0108025 0.0228494 0.1011275 0.0470429 0.0335097 0.0291218 0.0448948
0.4793896 0.1146951 0.162634 0.0018896 0.0183691 0.0072909 0.0125448 0.0168651 0.0089606 0.0211798 0.096774 0.0145818 0.0098566 0.00411 0.0210573 0.2050579 0.0842292 0.190177
0.4892462 0.2553758 0.1039424 0.0775069 0.1693545 0.0647518 0.0631719 0.0459341 0.0120967 0.1022613 0.0210573 0.0019999 0.0129928 0.0012598 0.1608419 0.0633346 0.2638883 0.0007874
0.0721325 0.0201612 0.0358422 0.0094797 0.0775088 0.0304548 0.0452508 0.0130858 0.0443547 0.0010865 0.0380824 0.0653817 0.1173833 0.0017164 0.0215053 0.0405801 0.0380824 0.0841364
0.0667561 2.898291 0.0452508 0.0282344 0.0833331 0.0160147 0.0138889 0.0708932 0.0224014 0.0016219 0.0215053 0.021353 0.0103046 0.050674 0.0188172 0.1424162 0.0089606 0.009527
0.1097668 0.0698923 0.0192652 0.0086451 0.0255376 0.0553193 0.0170251 0.0085979 0.1061826 0.005165 0.0183691 0.003921 0.0206093 0.0067712 0.1079747 0.3089884 0.0721325 0.0594136
0.0609318 0.1267918 0.0434587 0.0093852 0.0353942 0.005228 0.0120967 0.0143298 0.0309139 0.0410998 0.2876338 0.0060311 0.0819891 0.0019211 0.048835 0.0188807 0.0089606 0.006913
0.1187273 0.1093188 0.0537633 0.1061193 0.2853936 0.0423595 0.0376343 0.0779478 0.0116487 0.0006771 0.0407705 0.0063303 0.049283 0.0022676 0.0367383 0.0386747 0.0143369 0.087774
0.0367383 0.0430107 0.016129 0.0616024 0.0456988 0.0048028 0.0188172 0.0198885 0.0533153 0.0286281 0.0900536 0.0157155 0.0107527 0.0111489 0.2634403 0.0070389 0.0170251 0.0298564
0.2289421 0.081093 0.0340501 0.0020314 0.0900536 0.0034014 0.0954299 0.0480757 0.0183691 0.0048501 0.0385304 0.0246599 0.4489237 0.0447531 0.0147849 0.0082829 0.0089606 0.3881173
0.0779568 0.2446231 0.1653222 0.018613 0.0125448 0.0020629 0.0170251 0.0904195 0.0927417 0.0149439 0.0761647 0.0037635 0.0819891 0.0308012 0.0295698 0.0009921 0.2836015 0.1187957
0.0685482 0.1061826 0.0421146 0.0251323 0.1303761 0.0086294 0.0112007 0.021479 0.0232974 0.0006771 0.0241935 0.0075586 0.0524192 0.0209121 0.6173821 0.0778534 0.0089606 0.0212113
0.292114 0.0618278 0.0595877 0.0269904 0.1106628 0.0020314 0.0900536 0.0099049 0.0981181 0.0325806 0.0376343 0.0007401 0.1142471 0.0053855 0.0215053 0.0590829 0.0667561 0.3419627
0.1124549 0.0636199 0.1249997 0.0051335 0.1232076 0.0084719 0.0089606 0.0352261 0.0519712 0.0027242 0.0461469 0.0063461 0.0112007 0.0043777 0.1411287 0.1040722 0.0994621 0.0116686
0.1962361 0.1971322 0.2316303 0.0057319 0.0309139 0.0058579 0.0367383 0.0051965 0.0909496 0.0015117 0.0349462 0.0944035 0.0129928 0.0144558 0.2172934 0.0127394 0.016129 0.0091175
0.1586018 0.1012543 0.0120967 0.0498866 0.0412185 0.034738 0.0273297 0.0039053 0.0116487 0.0388322 0.0210573 0.0676178 0.0179211 0.0523747 0.0250895 0.037289 0.064516 0.1568563
0.3606623 0.0201612 0.0416666 0.0575082 0.0631719 0.0109757 0.0268817 0.0062988 0.0380824 0.02403 0.0237455 0.0523747 0.1146951 0.017306 0.0103046 0.0259984 0.0125448 0.006913
0.0421146 0.0201612 0.0380824 0.0267857 0.0125448 0.0020314 0.016129 0.0021416 0.1644262 0.0022676 0.0174731 0.013259 0.0120967 0.0028345 0.4901423 0.0023778 0.38844 0.4029825
0.1639781 0.5098555 0.0125448 0.0041257 0.0636199 0.0052123 0.0125448 0.0589569 0.016129 0.00685 0.0613798 0.0006929 0.0237455 0.0129913 0.0089606 0.0238253 0.2244619 0.001118
0.0232974 0.1810032 0.2858417 0.02677 0.3207878 0.0167076 0.0089606 0.0656337 0.0246415 0.0137157 0.015681 0.0008818 0.0537633 0.0092435 0.0228494 0.1865237 0.0506271 0.0019054
0.1442649 0.1765229 0.0143369 0.025085 0.0089606 0.0910966 0.0103046 0.0076846 0.0474909 0.0043934 0.0448028 0.0216207 0.0443547 0.0047871 0.1057345 0.0211798 0.0421146 0.0824672
0.3490136 0.0219534 0.0595877 0.033431 0.015681 0.057272 0.016129 0.0503748 0.0089606 0.034549 0.048387 0.0032281 0.0421146 0.0008031 0.0927417 0.0070232 0.1008062 0.14629
0.1353044 0.0291218 0.032258 0.0969703 0.0730285 0.0017164 0.0568995 0.002425 0.0143369 0.1640842 0.0170251 0.0015432 0.0255376 0.0021888 0.1487452 0.5791919 0.0089606 0.3665123
0.0313619 0.1447129 0.0277777 0.0485166 0.0788529 0.043761 0.0147849 0.0098576 0.0089606 0.0746252 0.080197 0.0230379 0.1496412 0.0043462 0.0515232 0.0006141 0.0389784 0.0867819
0.0344981 0.2620962 0.0107527 0.0706097 0.0313619 0.0390054 0.0134408 0.002866 0.0089606 0.045446 0.0385304 0.0392416 0.0125448 0.0035273 0.096774 0.2420477 0.5730274 0.0056689
0.22715 0.1917558 0.0116487 0.0023936 0.2213257 0.0255574 0.0143369 0.009212 0.0609318 0.0011338 0.0170251 0.0061099 0.0120967 0.0367383 0.0383283 0.0582436 0.0337774
0.0609318 0.0963259 0.161738 0.0271951 0.1241037 0.0046296 0.0725805 0.0186602 0.0188172 0.0134165 0.0259856 0.0231167 0.1429208 0.064068 0.0241875 0.0739246 0.0181878
0.663529 0.0250895 0.0250895 0.0031337 0.1178313 0.0301713 0.032258 0.0021573 0.0134408 0.0162195 0.0582436 0.0023306 0.0510752 0.0188172 0.0027715 0.047939 0.0043777
0.356182 0.6097657 0.3028667 0.0110859 0.064068 0.0808768 0.1066306 0.0141566 0.0403225 0.0214317 0.1003582 0.0374307 0.0125448 0.0681002 0.0155896 0.1810032 0.5114638
0.1792111 0.0900536 0.0250895 0.0180304 0.0250895 0.0189437 0.0537633 0.0322972 0.0403225 0.0108497 0.0734765 0.0209751 0.0264336 0.0241935 0.439925 0.0170251 0.0416509
0.9274173 0.1003582 0.0448028 0.0279038 0.2181895 0.0126921 0.0112007 0.0151487 0.0206093 0.0075428 0.0309139 0.0396825 0.0210573 0.0707884 0.0021259 0.1025983 0.5111489
0.0259856 0.0259856 0.048387 0.099978 0.0631719 0.0065035 0.0224014 0.0045194 0.1205194 0.0109284 0.0613798 0.0226442 0.064964 0.0255376 0.1777368 0.0125448 0.0059209
0.0344981 0.1581538 0.0882615 0.0625787 0.03181 0.0093695 0.033154 0.0102513 0.0291218 0.0403282 0.0170251 0.0018896 0.0286738 0.0201612 0.0097474 0.0681002 0.0017164
0.0295698 0.0779568 0.0250895 0.0896321 0.1648742 0.0876953 0.0120967 0.0092593 0.0174731 0.1052217 0.0344981 0.0295887 0.0183691 0.1187273 0.0107395 0.0349462 0.0033384
1.263438 0.0201612 0.0210573 0.0038895 0.0147849 0.0391944 0.0089606 0.0045037 0.0116487 0.0229277 0.1317201 0.0870181 0.0120967 0.1635301 0.0196995 0.0403225 0.3230505
0.0465949 0.2697127 0.049283 0.1974521 0.0752686 0.0175894 0.0443547 0.0061728 0.0174731 0.0021101 0.0743726 0.0013385 0.0591397 0.0125448 0.0059996 0.2665765 0.002425
1.8436339 0.1097668 0.1061826 0.0562169 0.0770608 0.0036691 0.0134408 0.0043147 0.0143369 0.0005669 0.0358422 0.0237308 0.1326162 0.1854835 0.0458554 0.0873654 0.0099994
0.0304659 0.0340501 0.1061826 0.0035273 0.0443547 0.0302186 0.0089606 0.0037793 0.0282257 0.0012598 0.0349462 0.0217309 0.0215053 0.0452508 0.0687831 0.6169341 0.0012913
0.0232974 0.0439067 0.0210573 0.0081885 0.0215053 0.0374937 0.0129928 0.002803 0.0784048 0.0088341 0.0125448 0.0077318 0.0089606 0.2043006 0.0308799 0.016129 0.0155108
0.097222 0.0636199 0.0667561 0.0070389 0.096774 0.0200617 0.0232974 0.0024408 0.0255376 0.0330845 0.0721325 0.0690193 0.0089606 0.2020605 0.0137314 0.1554656 0.010897
3.8673749 0.0201612 0.1742828 0.1561634 0.1810032 0.0422178 0.0461469 0.0286439 0.0241935 0.0146605 0.016129 0.0508944 0.064068 0.258512 0.0059681 0.0116487 0.0390999
0.2043006 0.0945338 0.0103046 0.002425 0.0138889 0.0976316 0.0183691 0.0041572 0.0246415 0.0420603 0.0107527 0.0899156 0.0107527 0.0519712 0.0150542 0.0344981 0.0005511
0.2051967 0.0403225 0.0174731 0.0018896 0.0456988 0.0037163 0.0300179 0.0083774 0.0766127 0.0003622 0.0905016 0.0110072 0.0362902 0.0313619 0.1131897 0.016577 0.0010393
0.0201612 0.1285839 0.0255376 0.0203767 0.1572577 0.0754441 0.0228494 0.0019211 0.0380824 0.0033069 0.0138889 0.0149282 0.0725805 0.0219534 0.0007559 0.0775088 0.0018109
0.2786732 0.0264336 0.0129928 0.0579176 0.1505373 0.0199672 0.0295698 0.0045666 0.2862897 0.0305335 0.0116487 0.0025668 0.0107527 0.0743726 0.0817429 0.0174731 0.001307
0.0618278 0.047939 0.0510752 0.0253212 0.0703403 0.0357458 0.0174731 0.1313933 0.1267918 0.036108 0.0685482 0.06113 0.0152329 0.0380824 0.0334467 0.1810032 0.010897
0.2043006 0.0515232 0.0089606 0.0082357 0.0215053 0.0034486 0.0793009 0.0079523 0.1267918 0.0086294 0.0743726 0.0068185 0.0143369 0.274641 0.1112371 0.0188172 0.0074641
0.0344981 0.4811817 0.0358422 0.0191799 0.0228494 0.1110481 0.0134408 0.0115111 0.1146951 0.0034486 0.0089606 0.1666037 0.0192652 0.4444435 0.0049446 0.0353942 0.1000567
0.5008949 0.4386191 0.0439067 0.0035746 0.032258 0.0132275 0.0201612 0.0169281 0.0349462 0.0257937 0.0152329 0.0020944 0.3808235 0.1357524 0.0265495 0.0577956 0.0109284
0.1025983 0.0250895 0.1599459 0.0096057 0.0309139 0.0086294 0.0533153 0.0018267 0.0869174 0.0095742 0.0528673 0.0471624 0.0448028 0.0519712 0.0444539 0.0990141 0.4769778
0.081093 0.0743726 0.0367383 0.0167391 0.0138889 0.0430052 0.0134408 0.0142983 0.0174731 0.0393519 0.0533153 0.0023148 0.0147849 0.0613798 0.0128653 0.0282257 0.0735229
0.0264336 0.5645149 0.0174731 0.050548 0.0510752 0.026392 0.016577 0.0085979 0.1070786 0.0523274 0.0927417 0.0015117 0.0224014 0.2092289 0.0303445 0.0259856 0.0019369
0.6299269 0.4717731 0.0703403 0.0066138 0.0358422 0.0045666 0.0300179 0.0075113 0.0206093 0.0211325 0.0232974 0.0034643 0.0206093 0.0277777 0.0412257 0.1711466 0.0013542
0.2809134 0.5775077 0.0506271 0.0280297 0.0573475 0.0017164 0.177419 0.0690823 0.0990141 0.0045509 0.03181 0.1378496 0.0712364 0.5649629 0.1228741 0.0143369 0.1244174
0.0864693 0.0286738 0.0125448 0.0061886 0.0362902 0.0039368 0.0125448 0.0057004 0.0412185 0.016062 0.065412 0.0057162 0.0304659 0.1066306 0.0230852 0.3749992 0.012204
0.1209675 0.0295698 0.0103046 0.0113221 0.016577 0.0162037 0.064516 0.0468159 0.0143369 0.0150857 0.0089606 0.0474931 0.0353942 0.0250895 0.0564059 0.275985 0.0111804
0.1662183 0.0201612 0.1487452 0.0279825 0.0129928 0.0148337 0.0232974 0.0291478 0.0197132 0.0010865 0.047939 0.0168493 0.0103046 0.5273286 0.1372827 0.0112007 0.011952
0.2083329 0.0398745 0.0524192 0.0349112 0.0237455 0.0906242 0.0125448 0.0479182 0.0344981 0.0149912 0.0586916 0.0142353 0.015681 0.0689963 0.0049131 0.0103046 0.0381078
0.1554656 0.3548379 0.0564515 0.0107552 0.0784048 0.021353 0.0658601 0.0240772 0.1366484 0.0176682 0.0273297 0.021038 0.0107527 0.0183691 0.1848073 0.0994621 0.0046926
0.0577956 0.2293902 0.1003582 0.0070862 0.048387 0.017054 0.0143369 0.0190224 0.0448028 0.0200775 0.0210573 0.0019369 0.0241935 0.2464152 0.0018739 0.0215053 0.0122197
0.0694443 0.0416666 0.0120967 0.0286439 0.0291218 0.0036061 0.0864693 0.0238095 0.0232974 0.0232741 0.032706 0.0058422 0.0286738 0.2862897 0.0729088 0.0241935 0.0028975
0.8669335 0.0353942 0.0371863 0.0351789 0.0551074 0.2602198 0.0116487 0.002551 0.0681002 0.0118103 0.2544797 0.0154164 0.0197132 0.0120967 0.3693468 0.0358422 0.0675705
0.6827942 0.3060029 0.0103046 0.0092593 0.0120967 0.0387062 0.0107527 0.0208176 0.0273297 0.0112591 0.1406807 0.0040942 0.0237455 0.0246415 0.0576342 0.0089606 0.3386243
0.0403225 0.0739246 0.0273297 0.0341553 0.0197132 0.0349112 0.0197132 0.029006 0.0125448 0.0130858 0.0089606 0.008031 0.0407705 0.0412185 0.0079365 0.3060029 0.6030801
0.0201612 0.0403225 0.0089606 0.0044249 0.0300179 0.0350057 0.0295698 0.1011275 0.0143369 0.0094482 0.015681 0.0234001 0.0224014 0.0291218 0.002488 0.0089606 0.1898148
0.0474909 0.1102148 0.0089606 0.0774597 0.0125448 0.0265338 0.0403225 0.0100309 0.1030464 0.0006456 0.0179211 0.0234316 0.0120967 0.0775088 0.0788297 0.0286738 0.8609379
0.2508955 0.1034944 0.03181 0.0058579 0.0098566 0.0133535 0.0860213 0.0086766 0.0170251 0.1594388 0.0448028 0.0434618 0.0291218 0.1102148 0.0993953 0.0439067 0.017432
0.0833331 0.177419 0.0533153 0.0604844 0.0501791 0.0222348 0.0224014 0.0126449 0.1160392 0.0121252 0.0788529 0.029006 0.0224014 0.5380812 0.2713372 0.1330642 0.0082829
0.1393366 0.0259856 0.0206093 0.0053855 0.1689064 0.0172273 0.0452508 0.0134952 0.0224014 0.0020786 0.0698923 0.0041257 0.211021 0.2065408 0.0025038 0.0107527 1.1910431
0.0685482 0.0344981 0.0295698 0.0266912 0.0448028 0.0023778 0.0089606 0.0015432 0.015681 0.0029762 0.0232974 0.0010078 0.0143369 5.2965832 0.2220648 0.0542113 0.0085034
0.0533153 0.1402327 0.0295698 0.0365804 0.1388886 0.0040785 0.0147849 0.0793178 0.0147849 0.0030864 0.0793009 0.0071964 0.0112007 0.0940858 0.0330058 0.0183691 0.1723199
0.1326162 0.3015226 0.0273297 0.0085349 0.0241935 0.0047399 0.032258 0.0087868 0.0215053 0.0551146 0.0098566 0.0045509 0.0210573 0.0788529 0.0321082 0.0537633 0.002614
0.0224014 0.0416666 0.0389784 0.0027715 0.1232076 0.0164399 0.0860213 0.0490205 0.0147849 0.0304075 0.0188172 0.0052438 0.0143369 0.1258958 0.002425 0.2172934 0.3521983
0.03181 0.0389784 0.0219534 0.0031966 0.1433689 0.0051178 0.0609318 0.0006299 0.0089606 0.060075 0.0268817 0.0037793 0.0103046 0.0734765 0.0146605 0.0300179 0.0040312
0.0259856 0.259408 0.0103046 0.0355096 0.0152329 0.0027242 0.0349462 0.0137472 0.0313619 0.0126449 0.0152329 0.0253212 0.0259856 0.016129 0.0672556 0.0259856 0.001559
0.7361095 0.0403225 0.1536735 0.0023778 0.0134408 0.0147707 0.0098566 0.0119048 0.0712364 0.02951 0.0192652 0.0668147 0.1594979 0.0667561 0.0088341 0.0232974 0.014377
0.1514334 0.0362902 0.0277777 0.2651959 0.0201612 0.064059 0.0985661 0.0060469 0.0636199 0.0026298 0.0358422 0.0301556 0.0385304 0.015681 0.0168651 0.0174731 0.0299351
0.9054639 0.0470429 0.0103046 0.0133535 0.064516 0.0271951 0.0295698 0.0165974 0.0237455 0.018676 0.0089606 0.0208491 0.113351 0.0089606 0.0132275 0.0286738 0.0143456
0.0824371 0.0259856 0.0519712 0.0590829 0.0546594 0.0103143 0.0183691 0.0433988 0.0259856 0.0593506 0.0138889 0.0255574 0.0170251 0.0120967 0.0025825 0.4318987 0.1951846
0.0201612 0.1272399 0.0900536 0.010645 0.0192652 0.0070232 0.0425626 0.0004409 0.0282257 0.0024565 0.0255376 0.0033069 0.015681 0.0703403 0.0059996 0.25896 0.1428729
0.2961463 0.1657702 0.0232974 0.0944507 0.03181 0.0159518 0.0125448 0.0074011 0.0506271 0.0122827 0.0152329 0.0207389 0.0188172 0.0120967 0.033242 0.0380824 0.0296359
0.1630821 0.2661284 0.0425626 0.0339979 0.0282257 0.0048028 0.0107527 0.0005826 0.0120967 0.0155423 0.8355716 0.0043304 0.1200714 0.015681 0.0051178 0.0268817 0.0562012
0.0232974 0.0255376 0.0573475 0.006913 0.0255376 0.0720427 0.0336021 0.0040942 0.0367383 0.0805619 0.0609318 0.0022046 0.129928 0.0192652 0.1297556 0.0264336 0.010897
0.2347665 0.0201612 0.0465949 0.0052123 0.1581538 0.0076846 0.0309139 0.0059366 0.1088707 0.0085821 0.0564515 0.0023621 0.0819891 0.0120967 0.2179233 0.4646047 0.6215357
0.0900536 0.4516119 0.033154 0.007842 0.0116487 0.039714 0.0900536 0.0737119 0.0232974 0.0062201 0.016577 0.0274156 0.03181 0.0300179 0.2829743 0.210125 0.005228
0.0582436 0.1348563 0.0501791 0.0078893 0.0855733 0.0156683 0.0878134 0.0028975 0.0089606 0.0467687 0.0255376 0.0012283 0.0286738 0.0255376 0.0289273 0.0152329 1.3703231
Appendices
A-16
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone
161-2-A(3) C continued… 161-2-A(6) A continued…
scan 25x scan scan scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x
0.0170251 0.5036218 0.0125448 0.033154 1.7101216 0.0668619 0.0591397 0.315114 0.0506271 0.0187075 0.0362902 0.0274471 0.016129 0.0189594 0.0474909 0.0025668 0.049283 0.0008346
0.1191754 0.0282659 0.1998203 0.1698025 0.2195336 0.1086861 0.1115589 0.249874 0.016577 0.3679768 0.016129 0.0294155 0.0129928 0.0203137 0.0604837 0.002551 0.1859315 0.0191641
0.1411287 0.3104529 0.0089606 0.0380824 1.9094939 0.8755826 0.0716844 0.0188172 0.1243544 0.0582436 0.0017322 0.015681 0.0527683 0.2374547 0.0923091 0.1684584 0.0060154
0.0385304 0.0110859 0.1881716 0.3042108 0.0600357 0.0052753 0.4914864 0.1559136 0.0713498 0.0376343 0.0018109 0.0188172 0.0007874 0.25896 0.0014015 0.1025983 0.0455719
0.0282257 0.2026959 0.0170251 0.0586916 0.0591397 0.0407691 0.7025074 0.0533153 0.1285903 0.0116487 0.0060626 0.0134408 0.0004409 0.0201612 0.0215577 0.0497311 0.0013857
0.016129 0.3286565 0.129032 0.4892462 0.0936378 0.6955782 0.891127 0.0577956 0.0008031 0.0170251 0.01992 0.0250895 0.0080625 0.1496412 0.0228962 0.0761647 0.0335884
0.5201601 0.0023936 0.0282257 0.0600357 0.0394264 0.0414934 0.0215053 0.0528673 0.0014802 0.1102148 0.0227387 0.096774 0.0577601 0.032706 0.0065035 0.1671143 0.001433
0.0237455 0.4953704 0.0362902 0.0201612 0.0591397 0.7109473 0.8315394 0.0201612 0.0704208 0.016129 0.2402526 0.210573 0.2572121 0.0143369 0.0935532 0.2199816 0.0006929
0.1043904 0.0603741 0.0089606 0.7258048 0.0129928 0.01718 2.9816242 0.048387 0.02814 0.0851253 0.002425 0.016129 0.0012125 0.1048385 0.0149597 0.0421146 0.0746095
0.0201612 0.0027242 0.0125448 0.0264336 1.5412152 0.1330625 0.0846772 0.0439067 0.1429989 0.0197132 0.0029762 0.0241935 0.0023621 0.0443547 0.0693027 0.4493718 0.0004882
0.0430107 0.0560752 0.0716844 0.0264336 0.048387 0.5054012 0.3821676 0.0456988 0.0005669 0.0250895 0.0071964 0.0434587 0.0844986 0.0291218 0.0016534 0.3445333 0.0016534
0.1232076 0.049367 0.0698923 0.1724907 0.064516 0.1667926 0.0147849 0.0430107 0.002488 0.0600357 0.0035588 0.4480277 0.001433 0.0528673 0.0047241 0.0555554 0.003858
0.0228494 0.1544312 0.0219534 0.1827953 2.7889723 0.012204 0.6939949 0.0761647 0.0275258 0.0371863 0.0034643 0.0412185 0.013259 0.0743726 0.0082514 0.0224014 0.0074641
0.0197132 0.0297462 0.0112007 0.1012543 0.0116487 0.2289462 0.8243709 0.0456988 0.0076373 0.0761647 0.0437138 0.016577 0.0170855 0.0380824 0.0258881 0.2441751 0.0970018
0.0174731 0.3058547 0.1827953 0.0663081 1.8212325 0.2297493 0.0743726 0.0098566 0.0104245 0.0788529 0.0486898 0.0663081 0.0150384 0.0864693 0.0325334 0.0197132 0.1496756
0.0421146 0.0019999 0.0179211 0.0201612 0.0448028 0.0347222 0.0519712 0.0152329 0.0030864 0.0264336 0.0690508 0.0819891 0.012015 0.1666663 0.0044879 0.0098566 0.0070389
0.0698923 0.0907502 0.0286738 0.2558238 0.3154115 0.0316043 0.2047486 0.1008062 0.0043304 0.0179211 0.0015905 0.0407705 0.0044564 0.0949819 0.0059366 0.0510752 0.0003307
0.1859315 0.0707829 0.0089606 0.5474898 0.0394264 0.0010551 0.2298382 0.0250895 0.2208837 0.1648742 0.1113316 0.016577 0.1276298 0.0103046 0.0004094 0.2195336 0.0177627
0.0340501 0.1657061 0.0560035 1.1729364 0.0573475 0.0108025 0.2298382 0.0098566 0.0075901 0.03181 0.0005039 0.0506271 0.3321366 0.3758952 0.0528313 0.0112007 0.0030234
0.1379925 0.0166289 0.0273297 0.0376343 2.4269659 0.0197783 0.1586018 0.0094086 0.0008346 0.081541 0.0268015 0.0219534 0.0642164 0.0277777 0.0056847 0.016129 0.0117001
0.1088707 0.0404699 0.081541 0.4919344 0.097222 0.0085979 0.6532243 0.0667561 1.2769904 0.0259856 0.001118 0.064964 0.0069287 0.0452508 0.0023306 0.0945338 0.1068752
0.0129928 0.4569948 0.0403225 0.9453384 0.0779568 0.0108655 0.4404112 0.0425626 0.0343285 0.0183691 0.0515873 0.0999102 0.0674603 0.0241935 0.0018582 0.0291218 0.0071334
0.0125448 0.0190697 0.032258 0.0201612 0.1160392 0.0248016 0.2499994 0.0398745 0.0004567 0.0425626 0.0333365 0.0896055 0.0097632 0.0398745 0.0006299 0.0560035 0.0123457
0.016129 0.0011653 0.1966841 0.0309139 1.0479367 0.0219829 0.3207878 0.0103046 0.0328798 0.2163974 0.006724 0.113351 0.0027557 0.1881716 0.0016534 0.1353044 0.0019999
0.0125448 0.0004724 0.3821676 0.4565402 0.0542113 0.0530675 0.307347 0.0138889 0.0004409 0.0259856 0.0037635 0.016129 0.030376 0.032706 0.0097002 0.0291218 0.0030549
0.0089606 0.0138889 0.0107527 0.0873654 0.0398745 0.0483434 0.8512526 0.016129 0.0536029 0.0425626 0.0048816 0.0922937 0.0097632 0.5524181 0.0057004 0.0506271 0.0005669
0.3288523 0.0008976 0.0622758 0.1424728 0.0120967 0.7278124 1.3669324 0.0094086 0.0043934 0.032706 0.1596907 0.0241935 0.0269589 0.0170251 0.0009448 0.0452508 0.257779
0.1191754 0.0033384 0.145609 0.0201612 8.953833 0.104954 0.1505373 0.0250895 0.1303068 0.0129928 0.0068185 0.0398745 0.0019999 0.0116487 0.0036061 0.0340501 0.0323129
0.0089606 0.0015747 0.0358422 1.2580617 0.9126324 0.0125189 2.3915717 0.0336021 0.0142353 0.0295698 0.2427091 0.0394264 0.0250693 0.0367383 0.0470994 0.0206093 0.0009606
0.0949819 1.2189311 0.0089606 0.0385304 0.0528673 0.1479434 0.6232065 0.0694443 0.0060626 0.0246415 0.0385015 0.2146053 0.0166761 0.1980282 0.0075271 0.0295698 0.0005354
0.2450711 0.0200775 0.1021503 0.0958779 0.8987435 0.0447688 0.0448028 0.0143369 0.0022046 0.0264336 0.0800579 0.0353942 0.0190067 0.0362902 0.0297619 0.0448028 0.0317933
0.0784048 0.001307 0.1267918 0.6908587 0.6285828 0.0247229 0.1527774 0.0125448 0.0168651 0.0228494 0.0141251 0.1424728 0.0148022 0.3387089 0.0157785 0.0371863 0.0024565
0.0089606 0.0442177 0.0147849 0.1420248 0.1769709 0.0295887 0.7383496 0.0376343 0.001244 0.033154 0.0513511 0.1124549 0.1141975 0.0425626 0.1034108 0.0246415 0.0003307
0.0255376 0.0053855 0.0501791 0.0232974 0.0501791 0.1960506 0.5049272 0.0389784 0.0091963 0.7307331 0.0073381 0.0689963 0.0700428 0.0206093 0.0336042 0.0439067 0.0043462
0.0376343 0.0955845 0.0129928 0.0636199 0.2419349 0.0031179 0.2392468 0.0112007 0.0004409 0.0232974 0.0060154 0.0560035 0.0143298 0.0188172 0.0095742 0.2352145 0.0018267
0.12948 0.0010708 0.0103046 0.8669335 0.5931886 0.0075586 0.2683686 0.0089606 0.0175579 0.0936378 0.0117158 0.1411287 0.0029604 0.0125448 0.0136369 0.0528673 0.0022518
0.0089606 0.1622103 0.2459672 0.0591397 0.048387 0.5541541 0.1393366 0.0112007 0.0097474 0.3212358 0.0131645 0.0152329 0.0099679 0.243279 0.0043777 0.3857518 0.0110072
0.1792111 0.0112749 0.0103046 0.0461469 0.0394264 0.0689405 0.0855733 0.0255376 0.0813807 0.1590498 0.0110387 0.0206093 0.1161187 0.0936378 0.0014802 0.0416666 0.0022518
0.0627239 0.0226915 0.0255376 0.0421146 3.1393299 0.065177 2.3324321 0.0134408 0.1999087 0.0219534 0.1583995 0.0286738 0.1141818 0.0125448 0.0041257 0.2697127 0.0029132
0.0201612 0.0679642 0.0439067 0.1326162 0.0394264 0.0341711 0.0721325 0.0259856 0.0272266 0.016129 0.0222033 0.0819891 0.0022518 0.0201612 0.04669 0.0519712 0.0686886
0.0201612 0.8329712 0.0147849 0.3270602 0.0394264 0.1485418 1.1608397 0.0268817 0.0076688 0.0237455 0.009527 0.0134408 0.0123142 0.0537633 0.0507842 0.0949819 0.0005354
0.0089606 0.0419029 0.0147849 0.2567199 0.193548 0.0236835 0.8154104 0.0116487 0.0085821 0.0694443 0.0351002 0.2020605 0.0793021 0.0197132 0.0021573 0.0134408 0.0036691
0.1702505 0.0035116 0.0622758 0.5376332 0.0797489 0.042391 0.3651426 0.0112007 0.1112843 0.0192652 0.0031966 0.3570781 0.1406841 0.0353942 0.0150069 0.1160392 0.0807981
0.0304659 0.3377268 0.0407705 0.7302851 1.5918423 0.1826657 1.4793874 0.1048385 0.005102 0.0833331 0.0041887 0.0448028 0.0206916 0.2190855 0.0120465 0.1926519 0.0080152
0.047939 0.0004724 0.016577 0.5739234 0.0394264 0.0450838 0.3682787 0.0152329 0.0217152 0.0376343 0.0045194 0.1469531 0.0073066 0.0259856 0.0270377 0.1792111 0.0225498
0.0089606 0.3223262 0.0138889 0.7477582 0.7078837 0.7057036 0.0609318 0.0106293 0.0371863 0.0090703 0.0277777 0.0089286 0.0497311 0.0020471 0.0174731 0.0270534
0.2396948 0.0005354 0.1854835 0.1810032 0.6017012 0.5487528 0.0219534 0.0005354 0.0456988 0.003732 0.0667561 0.0032754 0.0152329 0.0092593 0.0143369 0.0042045
0.2244619 0.6610922 0.0376343 0.9923813 0.0631719 0.0415092 0.0510752 0.1656904 0.0098566 0.0134322 0.0524192 0.0529888 0.5152318 0.00137 0.0394264 0.0033699
0.0784048 0.0099049 0.016129 1.4215918 1.0129906 0.5561067 0.3163075 0.0181878 0.0627239 0.0031337 0.1545695 0.0085664 0.0246415 0.1172367 0.0743726 0.0036218
0.0309139 0.0167076 0.0188172 0.9538509 0.8472203 0.3436634 0.0129928 0.0034171 0.0309139 0.0026612 0.0362902 0.0034486 0.0228494 0.0025825 0.016129 0.0059209
0.0103046 0.0010708 0.0286738 0.3678307 0.0896055 0.0202979 0.0412185 0.0090073 0.0183691 0.1010802 0.0129928 0.0155581 0.0663081 0.0023936 0.0215053 0.0083617
0.0698923 0.0032911 0.2576159 1.0757144 0.2401428 0.0030392 0.0595877 0.0111647 0.0443547 0.186193 0.0349462 0.0009133 0.032706 0.0264708 0.6236545 0.020172
0.0721325 1.1211735 0.0439067 0.0277777 0.1447129 0.1457546 0.0138889 0.0009763 0.0170251 0.002425 0.0533153 0.3007212 0.064068 0.082483 0.5703392 0.0037006
0.0201612 0.0008818 0.2517916 0.0546594 0.1075266 0.0391471 0.0676522 0.0046139 0.162634 0.0381078 0.081093 0.0019054 0.0537633 0.0419344 0.0215053 0.0030234
0.0224014 0.001118 0.2146053 0.2168454 0.0990141 0.5468317 0.0698923 0.4712774 0.0125448 0.0003779 0.0577956 0.0241402 0.0412185 0.0012125 0.0264336 0.0082987
0.0152329 0.0003307 0.0425626 0.4681889 0.0416666 0.0394306 0.0291218 0.0030864 0.0138889 0.0023463 0.0439067 0.0112906 0.0362902 0.0040627 0.0138889 0.0027872
0.1814512 0.001181 0.0210573 0.0358422 0.1648742 0.0419344 0.0134408 0.004173 0.0147849 0.0034801 0.5810919 0.0459656 0.0259856 0.0003307 0.0201612 0.0050548
0.3749992 0.0170225 0.0277777 0.0232974 7.8821509 1.246079 0.2293902 0.0009921 0.0282257 0.0549414 0.0434587 0.0071492 0.0694443 0.0129126 0.0340501 0.0003307
0.3938163 1.0061571 0.032258 0.03181 0.0394264 0.0444381 0.1178313 0.0013542 0.0179211 0.001181 0.0112007 0.0046296 0.0129928 0.0019369 0.0103046 0.0399502
0.3687268 0.0439815 0.0125448 0.0730285 0.6120058 0.0023936 0.0631719 0.0192901 0.0981181 0.0079837 0.3266122 0.0029447 0.0143369 0.0053697 0.0215053 0.0828137
0.0241935 0.0323287 0.0564515 0.2356626 0.3817196 0.4392952 0.0125448 0.1271573 0.2540317 0.0391786 0.1106628 0.0124087 0.2683686 0.0050391 0.0112007 0.0007244
0.0685482 0.0018424 0.1348563 0.8557329 0.2692646 0.0019841 0.0183691 0.0007559 0.0291218 0.0313366 0.0591397 0.0140621 0.0129928 0.0042202 0.0152329 0.0371788
0.372311 0.0010865 0.0246415 0.0336021 0.9578832 0.0246284 0.0255376 0.0033069 0.0219534 0.0008818 0.5246404 0.0363914 0.1474011 0.0003307 0.0224014 0.0524376
0.033154 0.0021259 0.049283 0.1008062 0.065412 0.097112 0.0851253 0.0377929 0.0246415 0.0124402 0.3521498 0.0121725 0.1474011 0.0014172 0.3839597 0.1911691
0.0107527 0.0691925 0.0416666 0.0465949 0.8306433 0.0134322 0.0228494 0.0067555 0.0434587 0.0006299 0.0273297 0.1084184 0.0309139 0.0163612 0.0775088 0.0137629
0.0089606 0.5425957 0.0470429 0.25896 0.8942632 0.0277463 0.0152329 0.0006141 0.0416666 0.1040407 0.0295698 0.0050391 0.0506271 0.0073539 0.6886185 0.0248173
0.0497311 0.0057634 0.0094086 0.5062713 0.0936378 0.0056217 0.1908598 0.0007244 0.0206093 0.0222191 0.0896055 0.3027053 0.0573475 0.0229592 0.0613798 0.0016062
0.0291218 0.0018424 0.0340501 0.8969514 0.1993723 0.4757496 0.0582436 0.2172304 0.0277777 0.0284549 0.0452508 0.0043777 0.0349462 0.0018739 0.0183691 0.0166289
0.0712364 0.0003307 0.0103046 0.0120967 0.0519712 0.231324 0.033154 0.0075743 0.0152329 0.0018896 0.2862897 0.0021888 0.0183691 0.0151014 0.0864693 0.0206759
0.0206093 0.0115583 0.0515232 0.049283 0.0215053 0.2254031 0.0663081 0.0485324 0.0990141 0.0877425 0.0582436 0.0042674 0.0394264 0.0310217 0.2016125 0.0591301
0.0985661 0.0053225 0.2836015 0.0340501 0.6769698 0.2426304 0.0577956 0.0116371 0.0358422 0.2389298 0.0268817 0.0119678 0.0672042 0.0056217 0.015681 0.0068815
0.1245517 0.0050233 0.0443547 0.6326151 0.6774178 0.1193468 0.0224014 0.1132685 0.0448028 0.0076846 0.2795693 0.0228332 0.113799 0.0316515 0.0465949 0.0102041
0.0340501 0.3334278 0.0958779 1.0179189 2.3947079 0.057146 0.0116487 0.0468474 0.1523294 0.0009763 0.0515232 0.0364072 0.1142471 0.0075113 0.0878134 0.022723
0.0721325 0.1371882 0.6854823 0.0358422 0.2813614 2.167643 0.1084227 0.0194004 0.0497311 0.1654699 0.0206093 0.0648463 0.0103046 0.0187232 0.0958779 0.2557162
0.0412185 0.032061 0.0174731 0.0282257 0.0788529 1.0768456 0.0125448 0.0075113 0.0725805 0.0100781 0.048835 0.0009763 0.016577 0.003858 0.0470429 0.0011653
0.1926519 0.0003307 0.0712364 0.5380812 0.0560035 0.0172745 0.0246415 0.4621126 0.0286738 0.3181689 0.0963259 0.0439972 0.0533153 0.0013228 0.0197132 0.0066767
0.1353044 0.0602167 1.7298348 0.1366484 2.2526831 0.7291194 0.0528673 0.0004252 0.0201612 0.2285683 0.0103046 0.0055587 0.0152329 0.001433 0.0277777 0.0004882
0.0295698 0.1301178 1.2047464 0.3534938 0.1724907 0.0016534 0.0138889 0.0261873 0.4466836 0.049367 0.1075266 0.0230222 0.0264336 0.0004409 0.0174731 0.0592561
0.0510752 0.0582168 0.2880818 0.0819891 0.4758054 0.0072279 0.0273297 0.1304012 0.2280461 0.0208018 0.2414869 0.0936162 0.016577 0.0009291 0.1312721 0.0018739
0.2047486 0.001181 0.0398745 0.5582425 0.0443547 0.0647046 0.0452508 0.0096057 0.0143369 0.0200775 0.1254477 0.1181343 0.1415767 0.0024408 0.1962361 0.0032281
0.0103046 0.0003307 0.0138889 0.2661284 0.4032249 0.3492063 0.0922937 0.0006299 0.0300179 0.1394558 0.097222 0.0074169 0.0174731 0.0102041 0.0403225 0.0003307
0.0389784 0.0012755 0.4560922 0.0685482 0.0439067 0.0515401 0.03181 0.0045981 0.1070786 0.0019841 0.0860213 0.0029447 0.0600357 0.0173847 0.0138889 0.0046454
0.0201612 0.5434576 0.0336021 1.6787597 0.0189122 0.4399632 0.014503 0.0358422 0.0501071 0.0725805 0.0013385 0.0313619 0.0094325 0.0125448 0.0376039
0.0618278 0.033154 2.6729331 0.5931886 0.110623 0.0824371 0.1229686 0.1012543 0.0070389 0.0143369 0.0033856 0.1317201 0.296375 0.0434587 0.0025983
0.03181 0.8879908 0.1742828 0.0542113 0.0586577 0.1330642 0.3354592 0.1823473 0.021353 0.0116487 0.0109599 0.0147849 0.0040785 0.3974005 0.3046737
0.0138889 0.0277777 0.0201612 0.0515232 0.0205026 0.0775088 0.0176997 0.0439067 0.0608308 0.0394264 0.0013857 0.5282246 0.0017164 0.0277777 0.0025195
0.0864693 0.3629024 1.0600335 0.032706 0.4809618 0.3821676 0.0096529 0.0295698 0.025463 0.1702505 0.0387692 0.1196234 0.0150542 0.2025085 0.0004094
0.1545695 0.0344981 0.0237455 1.5152296 0.0022046 0.0134408 0.003732 0.0228494 0.1725561 0.0116487 0.0640275 0.3163075 0.0029604 0.0537633 0.0319822
0.3373648 0.566307 0.0828851 0.0394264 0.6342593 0.3319885 0.0019369 0.0528673 0.0765779 0.048387 0.0125031 0.0103046 0.0067082 0.1012543 0.0007874
0.0125448 0.0528673 0.0775088 0.064068 0.025463 0.0174731 0.0024565 0.0560035 0.0133377 0.0125448 0.151455 0.0828851 0.0007716 0.0232974 0.0146133
0.0300179 0.0232974 0.7361095 0.5568984 0.0294627 0.016129 0.0031652 0.0215053 0.7314027 0.0094086 0.0504535 0.0147849 0.0034171 0.1500893 0.001496
0.0528673 0.0940858 0.3624544 0.032258 0.0117473 0.015681 0.0955215 1.1603917 0.0042202 0.193548 0.0062201 0.032706 0.0029919 0.6751777 0.0010393
0.0138889 0.0201612 0.0309139 0.0412185 0.0017479 0.0448028 0.0937421 0.0515232 0.0288958 0.0416666 0.0353049 0.7334213 0.0248961 0.0112007 0.0435721
0.0313619 0.1594979 0.1904118 0.0398745 0.0291793 0.1796591 0.0093695 0.0259856 0.0111647 0.0237455 0.0028187 0.1173833 0.0048658 0.03181 0.0019211
0.0582436 0.7513424 0.2186375 0.129032 0.0058579 0.0147849 0.0136369 0.1043904 0.008094 0.8127222 0.0062673 0.178763 0.0013385 0.0138889 0.0329113
0.0210573 0.0282257 0.0201612 0.0555554 0.7956979 0.0241935 0.0375567 0.0873654 0.072956 0.0120967 0.1021983 0.0094086 0.1287793 0.1420248 0.0650195
0.1003582 0.2383507 0.1048385 1.3637962 2.6701783 0.0300179 0.010519 0.0340501 0.0266282 0.0407705 0.09686 0.0286738 0.005165 0.0089606 0.0492567
0.2477593 0.0349462 0.3001785 0.0125448 0.0573192 0.1120069 0.0257937 0.0421146 0.1284171 0.1729387 0.1393141 0.0089606 0.0265495 0.0174731 0.1016471
0.0134408 0.032706 0.5120956 0.226254 0.0033069 0.0613798 0.0012913 0.0192652 0.0288643 0.5134397 0.0031494 0.0179211 0.053351 0.1532255 0.045068
0.1680104 0.4256263 0.4489237 0.0470429 0.0077475 0.033154 0.0013857 0.0255376 0.0179989 0.064516 0.014629 0.0255376 0.0034486 0.0425626 0.0003307
0.0793009 1.4274162 0.6375434 0.0949819 0.0263763 0.0250895 0.0113379 0.0461469 0.1655486 0.0336021 0.0291163 0.112903 0.0014487 0.0268817 0.1467467
0.0197132 0.2728489 0.9166646 0.177419 0.0178256 0.0129928 0.0471781 0.2925621 0.0759952 0.015681 0.3563398 0.5636188 0.0033384 0.1684584 0.0869237
0.0089606 0.0506271 0.0232974 0.2656804 0.0038265 0.0273297 0.0152746 0.1218635 0.0012913 0.0170251 0.018676 0.0945338 0.0121725 0.0268817 0.0205026
0.0515232 0.0497311 0.0586916 2.6648686 0.0446271 0.0448028 0.1118197 0.1115589 0.0654132 0.0183691 0.0043304 0.1922039 0.0019684 0.0537633 0.0007244
0.0385304 0.016577 0.1706985 0.8055538 0.0332892 0.0367383 0.1584467 0.0201612 0.0010551 0.2020605 0.0007086 0.0685482 0.00411 0.3212358 0.0087081
0.0712364 0.2222217 1.7665731 0.4278664 0.1856418 0.0089606 0.579617 0.0228494 0.0097947 0.0219534 0.0194318 0.0797489 0.0396353 0.047939 0.0149282
0.0448028 0.0201612 0.0201612 1.1796569 0.2649597 0.1003582 0.0388637 0.0560035 0.0073696 0.1017023 0.0113064 0.0766127 0.0012598 0.064068 0.050485
0.015681 0.6227585 0.371863 0.25896 0.558705 0.0143369 0.0349742 0.0210573 0.0027242 0.0958779 0.0170383 0.0134408 0.1046391 0.0147849 0.0386432
0.0188172 0.4937265 1.3006243 1.5434553 0.3972191 0.0443547 0.0017007 0.0456988 0.2703767 0.0376343 0.0700586 0.0353942 0.0008188 0.0282257 0.0037006
0.0089606 0.2956983 0.1890677 0.0627239 0.034549 0.0152329 0.0655864 0.0215053 0.0149282 0.0138889 0.0080467 0.2768811 0.0008188 0.2889778 0.0246284
0.1088707 0.1980282 0.1424728 0.4139776 0.2039399 0.0739246 0.0222191 0.4435474 0.0031966 0.0286738 0.0086924 0.0448028 0.0010078 0.0210573 0.1742095
A-17
Appendices
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone Sample Zone
161-2-A(6) B continued… 161-2-A(6) C continued… 161-2-A(7) A
scan 25x scan 25x scan scan scan 25x scan 25x scan scan scan 25x scan scan scan 25x
0.1509853 0.0065823 0.0255376 0.0022203 0.4301066 1.0008938 0.0739246 0.1840829 0.51792 0.3242945 0.09767 0.0255376 1.3794772 2.331176 0.1267918 0.0407705 0.2939062 0.0053697
0.0295698 0.0305808 0.0918457 0.0131645 0.1182793 0.032258 0.2961463 0.0050705 0.0215053 0.1433453 0.0107527 0.8947113 0.1680104 0.0115898 0.4475796 0.0358422 0.1008062 0.0270534
0.0922937 0.0312894 0.0134408 0.0010551 0.0300179 0.1500893 0.0103046 0.3768424 0.1469531 0.0088498 0.0367383 1.2679183 0.0147849 0.0221088 0.3790314 0.3221319 0.0376343 0.0735229
0.0138889 0.0022518 0.178315 0.0362969 0.1178313 0.080645 0.0089606 0.0021731 0.2414869 0.08927 0.0416666 0.0147849 0.0192652 0.0473828 0.0725805 0.2876338 1.8561787 0.0311319
0.0241935 0.0723419 0.8503565 0.1054264 0.1169352 0.1353044 0.0385304 0.0459026 0.5031351 0.0063776 0.146057 0.0461469 0.4395151 0.2323476 0.1814512 0.0174731 0.0201612 0.0971277
0.0170251 0.0152274 0.0591397 0.0017322 0.0448028 0.016577 0.1339603 0.0213687 0.2401428 0.3346246 0.501791 0.1164872 0.2629922 0.2314815 0.0107527 0.0618278 0.1120069 0.0007086
0.0716844 0.0242189 0.033154 0.0125976 0.0936378 0.0170251 0.0613798 0.0579176 1.5730252 0.0282659 0.0107527 0.5537622 0.4955186 0.0073854 0.2715048 0.1348563 0.0465949 0.1723199
0.0743726 0.003858 0.2146053 0.059886 0.1030464 0.1388886 0.0510752 0.0698381 0.0219534 0.1719734 0.4077052 0.0250895 0.5138877 0.0026455 0.0779568 0.0403225 0.1330642 0.0408951
0.0793009 0.0121882 0.0246415 0.0083302 0.1003582 0.03181 2.0515187 0.0076688 0.4596764 0.1040407 0.0277777 0.1209675 0.340501 0.0058736 0.2661284 0.0430107 0.1057345 0.0209751
0.0461469 0.0039683 0.2293902 0.0089443 0.2222217 0.4959666 0.0103046 0.1659738 0.1384406 0.0277148 0.0237455 0.1729387 0.1469531 0.0025038 0.0120967 0.032258 0.4722212 0.0853017
0.2679205 0.1823507 0.0940858 0.0249748 0.2979384 0.064964 0.0273297 0.0034171 0.0138889 0.3225151 0.2603041 0.0219534 0.0291218 0.0336672 23.891972 0.9381699 0.3512537 0.0019211
0.0855733 0.0294942 0.193548 0.0176367 0.0456988 0.0089606 0.0905016 0.0040155 0.3001785 0.8737717 3.1765162 1.8960531 3.0031295 0.1024975 0.2706087 0.0443547 0.0255376 0.022534
0.0636199 0.0479497 0.7898728 0.1250315 0.2275981 0.1317201 0.048387 0.0034486 0.2231178 0.7385834 0.0618278 0.2549277 0.0474909 0.0806406 9.9950494 0.728941 0.7083318 0.0051178
0.0340501 0.0228804 0.4704291 0.2146479 0.0389784 0.0398745 0.0268817 0.003984 0.0501791 0.0231324 0.0694443 0.258512 3.3275015 0.025148 0.1545695 0.1675623 0.1724907 0.061319
0.146505 0.0019684 0.0129928 0.0018896 0.3597662 0.0887095 0.0385304 0.5949074 2.7405853 0.5139991 0.0506271 0.0663081 0.016577 0.0420918 0.1402327 0.0788529 0.0389784 0.0346907
0.0412185 0.0060626 0.0103046 0.0009133 0.0703403 0.0268817 0.0586916 0.7632905 0.0237455 0.0639487 1.1724884 0.0586916 0.0259856 0.1347947 0.0192652 0.1088707 0.2656804 0.0156211
0.0268817 0.014818 0.129032 0.0612875 0.0300179 0.0860213 0.0210573 0.2263322 0.1052865 0.7154352 0.0147849 0.0107527 0.032258 0.1811697 0.1057345 0.0170251 0.0761647 0.025526
0.0367383 0.0316043 0.0138889 0.0078735 0.1164872 0.0300179 0.0219534 0.0154006 0.1689064 0.4104466 0.0456988 0.0313619 0.0215053 0.0821523 0.1258958 0.0833331 0.1577057 0.0048973
2.6173777 0.0102986 0.1312721 0.0049603 0.0551074 0.0210573 0.0120967 0.002866 0.0604837 0.011889 0.0891575 2.6115533 0.0380824 0.0102041 0.0098566 0.0600357 0.032258 0.1036785
0.032706 0.041273 0.0277777 0.0060311 0.0170251 0.0147849 0.0201612 0.0454302 0.8673816 0.3225781 0.0376343 0.03181 0.9596753 1.0539336 0.03181 0.0112007 0.1236556 0.0353679
0.0595877 0.0019526 0.0264336 0.0084562 0.0470429 0.0250895 0.2217737 0.0163139 0.0120967 0.3103427 0.1070786 0.033154 0.0524192 0.0299194 0.1008062 0.033154 0.2213257 0.0067397
0.0412185 0.0134322 0.0237455 0.0065508 0.1577057 0.0367383 0.5779557 0.0154006 1.246413 0.0353364 0.0542113 0.0138889 0.0766127 0.0197468 0.0927417 0.0349462 0.03181 0.0083459
0.0443547 0.0009133 0.0174731 0.0193216 0.0452508 0.0183691 0.0116487 0.0071964 0.2701607 0.0151801 0.0143369 0.3252681 0.0819891 0.068972 0.0138889 0.0878134 0.0344981 0.1008283
0.1182793 0.001244 0.032258 0.001559 0.0371863 0.0107527 0.015681 0.0057162 0.0407705 0.0262661 0.323476 0.016577 0.0452508 0.0678697 0.2249099 0.4081532 0.4332428 0.1908226
0.0891575 0.0311791 0.1182793 0.0181091 0.0286738 0.0188172 0.0232974 0.0015905 0.0775088 0.3497417 0.1272399 0.0340501 0.0143369 0.0261873 0.2293902 0.0264336 0.1111109 0.0008188
0.0398745 0.264377 0.2208776 0.0122827 0.7177403 0.193548 0.0125448 0.1871063 0.8225788 0.6604151 0.0210573 0.0250895 0.0448028 0.526644 0.2410389 0.0470429 0.2137092 0.0136842
0.033154 0.1817838 0.1178313 0.0097947 0.0197132 0.6447118 0.0613798 0.1535966 0.0568995 0.0200932 0.1796591 0.0125448 0.1715946 0.0495244 0.0250895 8.5824181 0.0394264 0.0432099
0.0528673 0.0713183 0.0143369 0.0125448 0.0506271 0.1030464 0.615725 0.0779568 0.3086892 1.0318077 0.0147849 0.0268817 0.6154101 0.0712364 0.0255376 0.0981181 0.0027872
0.1599459 0.0274786 0.1478491 0.12948 0.0344981 0.1424728 0.1525101 0.0456988 0.0489261 0.0125448 1.8664833 0.0542113 0.0388007 0.0134408 0.033154 0.5040311 0.0588939
0.0667561 0.0034329 0.0685482 0.1030464 0.0241935 0.0174731 0.0118103 0.2199816 0.1424162 0.1509853 0.0295698 0.0107527 0.0115111 0.0918457 0.0125448 0.5232963 0.0606891
0.0609318 0.0177469 0.1554656 0.0138889 0.2603041 0.0089606 0.0157785 0.0206093 0.2510236 0.1263438 0.0721325 1.5134375 0.0135582 2.9050114 0.1406807 0.5873643 0.112796
0.0613798 0.0018896 0.0152329 0.0304659 0.0367383 0.3646945 0.8197594 0.0125448 0.1268109 0.0681002 0.38844 0.0371863 0.0580908 0.0851253 1.2401406 0.0439067 0.0117158
0.0219534 0.0719325 0.0129928 0.0618278 0.047939 0.2764331 0.0515873 0.0103046 0.005417 0.38844 0.0506271 0.0152329 0.0135582 0.1469531 0.1070786 0.1075266 0.027762
0.2674725 0.0020786 0.2387987 0.1146951 0.0138889 0.0367383 0.0569098 0.03181 0.0197132 0.3163075 0.0689963 0.046312 0.1832433 0.032706 0.0542113 0.0115426
0.0295698 0.0371473 0.0560035 0.033154 0.4986548 0.0855733 0.115725 0.0089606 0.874102 0.0098566 0.0443547 0.1203546 0.0197132 0.0120967 0.0564515 0.0147235
0.049283 0.0046454 0.097222 0.065412 0.0560035 0.0770608 0.00685 0.0232974 0.0842292 0.9242811 1.4130793 0.0208018 1.1554634 0.0779568 0.0586916 0.0527211
0.0286738 0.003732 0.0224014 0.1908598 0.1482972 0.3279563 0.0506897 0.0197132 0.032258 0.0138889 0.1630821 0.0208018 0.0371863 0.1384406 0.4704291 0.0045194
0.0439067 0.0177627 0.0179211 0.4332428 0.1236556 0.081093 0.6492977 0.5353931 0.0344981 0.242831 0.1518814 0.0965608 0.0542113 0.1196234 1.1312699 0.0023778
0.0246415 0.0025038 0.1644262 0.016129 0.1012543 0.0116487 0.3874874 0.0210573 0.1093188 0.9278653 0.4157697 0.093254 0.2137092 0.0309139 0.0784048 0.0079208
0.0533153 0.0097317 0.1702505 0.0461469 0.0237455 0.0461469 0.0552564 1.5927384 0.2728489 0.0094086 0.3835117 0.1589979 0.210125 0.0103046 0.145161 0.061382
0.0174731 0.0010865 0.0434587 0.0362902 0.0282257 0.565859 0.2543462 0.0089606 0.0291218 0.0349462 0.03181 0.0385488 0.033154 0.0246415 0.1818992 0.0268172
0.0170251 0.0134165 0.097222 0.0183691 0.1276879 0.0094086 0.009527 0.0340501 0.0896055 0.3969525 0.0134408 0.0262031 0.0949819 0.1021503 0.1962361 0.0297619
0.2517916 0.0049603 0.0421146 0.0407705 0.0698923 0.0112007 0.4921107 0.0394264 1.6088674 0.0667561 1.019711 0.1442429 0.1039424 0.7719517 1.1738325 0.0808453
0.1379925 0.0087239 0.0215053 0.0170251 0.0757167 0.3418451 0.029195 0.0089606 0.6836902 0.0098566 0.0170251 0.3117284 0.0098566 1.0591374 0.0497311 0.1421958
0.2119171 0.0016849 0.0353942 0.5958768 0.0336021 0.1370965 0.0819948 1.4229359 0.0268817 0.0309139 0.0721325 0.4357048 2.8803699 0.0089606 0.0627239 0.006535
0.0282257 0.0495244 0.0129928 0.0201612 0.0465949 0.7316292 0.0749244 0.3216839 5.4995397 2.1093143 0.0112007 0.0837743 0.1357524 0.0586916 0.2231178 0.0094167
0.0905016 0.0836325 0.2307343 0.5725794 0.0188172 1.5985627 0.3258692 0.0304659 0.1877236 0.0551074 0.032258 0.0003149 0.0277777 0.0470429 0.0752686 0.007905
0.0170251 0.0274628 0.0295698 0.0201612 0.0909496 0.2419349 0.0194948 0.0174731 0.323028 0.0707884 0.1514334 0.0603112 0.4932785 0.0143369 0.3758952 0.0095427
0.0188172 0.002488 0.9175607 0.1344083 0.0174731 0.0125448 0.0133692 0.0183691 0.0129928 0.0358422 2.315407 0.0631719 0.016129 0.0398745 0.2930682
0.0371863 0.0085506 0.0089606 0.0206093 0.2450711 0.0694443 0.0805776 0.0860213 0.2150533 0.0586916 0.0107527 0.3637985 0.0300179 0.0752686 0.2134196
0.0542113 0.0172745 0.4740133 0.0609318 0.113799 1.715946 0.0097474 1.1917536 0.0380824 0.2141572 19.545655 0.0600357 0.0098566 0.0631719 0.0074798
0.0855733 0.0006456 0.1474011 0.0412185 0.0797489 0.0761647 0.1050957 0.0103046 0.03181 0.0138889 0.0138889 0.1012543 0.0188172 0.0241935 0.0079837
0.146505 0.0064563 0.0201612 0.0094086 0.0241935 0.0793009 0.0150542 0.0358422 0.0394264 0.0129928 0.0412185 0.0824371 0.0707884 0.0658601 0.0835695
0.0448028 0.0125976 0.0385304 0.0555554 0.0380824 0.0089606 0.0201247 1.39247 0.032706 0.0094086 0.0407705 0.1379925 0.0215053 1.2092267 0.0219986
0.0864693 0.0099836 0.1550176 0.193996 0.0237455 0.0094086 0.1739418 0.2132612 0.0282257 0.0174731 0.0120967 0.2414869 0.0564515 0.2741929 0.0259669
0.0210573 0.0160305 0.09767 0.0672042 0.0282257 0.2065408 0.3495685 0.0143369 0.0129928 0.081541 0.1523294 0.1532255 0.1061826 0.2495514 0.0986867
0.0456988 0.0205341 0.0600357 0.0560035 0.0103046 1.5936344 0.0056532 0.0089606 0.0555554 0.1169352 0.356182 0.0170251 0.1487452 0.0232974 0.0176209
0.0304659 0.3251606 0.1397846 0.0407705 0.0336021 0.0116487 0.3818815 0.8131702 0.0685482 0.2078848 0.9341377 0.0595877 1.0797467 0.03181 0.0117473
1.6886163 0.0104718 0.0376343 0.0179211 0.0698923 0.3624544 0.7367567 1.6451576 1.7540283 0.0380824 0.0206093 2.2441706 0.0125448 0.032706 0.0043934
0.1509853 0.001496 0.2522396 0.1249997 0.0206093 0.0152329 0.1761149 0.2338704 0.1433689 1.6003548 0.015681 0.0295698 0.0147849 0.1693545 0.0133062
0.0246415 0.0043619 0.0107527 0.4471316 0.0506271 0.3767913 0.0464695 0.9610194 0.0304659 0.0237455 0.033154 0.0851253 0.2576159 0.2477593 0.0007086
0.0407705 0.0144558 0.1429208 0.0591397 0.113351 0.0152329 0.0937736 0.1411287 0.3539419 0.097222 0.0999102 0.0210573 3.6344005 0.1644262 0.0223136
0.0120967 0.0096844 0.2764331 0.3637985 0.0564515 0.0232974 0.0044564 1.1303738 0.0519712 0.7042995 0.0170251 0.0743726 0.0246415 0.1751788 0.071649
0.0138889 0.0066767 0.0134408 0.0344981 0.0533153 0.3830637 0.4775447 0.0206093 0.0600357 0.1335122 0.5806439 0.0851253 0.0112007 0.146057 0.0544533
0.1142471 0.0338876 0.0694443 1.2965921 0.0743726 0.0725805 0.8809996 0.3051068 0.1115589 0.0094086 0.502687 0.0555554 0.048835 0.1335122 0.0289903
0.1012543 0.0061413 0.1008062 0.2526876 0.3525978 0.7983853 0.9455467 0.4547481 0.2965943 0.3042108 0.0300179 0.0855733 5.2504363 0.0846772 0.0103301
0.1424728 0.0015905 0.0833331 0.0112007 0.1751788 0.0228494 0.097112 0.0129928 0.1075266 0.0147849 0.032706 0.0546594 0.0528673 0.0201612 0.0455404
0.0568995 0.0101096 0.0183691 0.0470429 0.0869174 0.2311823 0.0129126 0.0385304 0.0672042 0.0152329 0.0465949 4.4533951 0.016129 0.0851253 0.0800579
0.0259856 0.0597285 0.0349462 0.0147849 0.1496412 0.1218635 0.2110576 2.476697 1.133958 0.0232974 0.8427401 0.0667561 0.0416666 0.0618278 0.0074169
0.1899637 0.0042832 0.1276879 0.0188172 0.0291218 0.0103046 0.4856072 0.0501791 0.064964 0.6689053 0.1388886 0.1491932 0.0416666 0.0582436 0.120827
0.0586916 0.0032281 0.015681 0.0094086 0.0367383 0.4475796 0.0005197 0.0143369 0.5259845 0.3956084 0.0138889 0.0264336 0.0103046 0.0533153 0.1123079
0.0757167 0.0290848 0.2280461 0.0797489 0.048835 0.0819891 0.2608497 0.0112007 0.0098566 1.4148714 0.1312721 0.0179211 0.0336021 0.7504464 0.3238221
0.1447129 0.0055902 0.2074368 0.0658601 0.0407705 0.0712364 0.4602545 0.9744602 0.0224014 0.0712364 0.0568995 0.0188172 0.0143369 0.0797489 0.1733907
0.2231178 0.1838624 0.0985661 0.0179211 0.1111109 0.033154 0.445657 0.0470429 0.0129928 0.0107527 0.1187273 0.0112007 0.0143369 1.6966808 0.0065665
0.112903 0.0064405 0.03181 0.0089606 0.3767913 0.0833331 0.0168808 0.0394264 0.4292105 0.0112007 0.5094075 0.2060927 0.0304659 0.1653222 0.0053225
0.1285839 0.0317145 0.0779568 0.1182793 0.097222 0.0291218 0.6817523 0.0268817 0.0349462 0.0201612 0.0152329 0.2060927 0.0922937 0.1845874 0.0010078
0.0286738 0.0553981 0.1249997 0.1061826 0.0470429 0.2244619 0.127677 3.238792 1.3315382 0.0246415 0.0349462 0.0595877 0.1178313 0.4260743 0.0113221
0.0582436 0.0095427 0.080645 0.0197132 0.0224014 0.2123651 0.0003937 0.0147849 0.0555554 0.1115589 0.0241935 0.0125448 0.0224014 0.0515232 0.0275888
0.0824371 0.0428949 0.0125448 0.4583323 0.016129 0.0586916 0.0140149 0.2710567 0.0448028 0.4632606 0.6420237 0.0255376 4.6818892 0.032258 0.0056059
0.0882615 0.0061886 0.0882615 0.0125448 0.0900536 0.0819891 0.1696271 0.4704291 0.1402327 0.0089606 0.0241935 0.0210573 0.2571679 0.081093 0.0032439
0.0304659 0.0031022 0.0259856 0.0183691 0.0694443 0.0098566 0.0439342 0.1353044 2.5447972 0.0586916 0.0304659 0.049283 0.0129928 0.2128131 0.0315571
0.0219534 0.0466585 0.0295698 0.0197132 0.3333326 0.7759839 0.3440571 0.9108403 0.0255376 0.5582425 0.0412185 0.0403225 0.194444 0.0757167 0.0773967
0.080645 0.0029132 0.3033147 0.0627239 0.0273297 0.0089606 0.0222821 0.3221319 0.3732071 0.0990141 0.0887095 0.9278653 0.0891575 0.0474909 0.0352261
0.0336021 0.0617756 0.0631719 0.0120967 1.3024164 0.0743726 0.2490394 0.1684584 0.0188172 0.0291218 1.9130782 0.03181 0.2405909 0.1796591 0.0588939
0.0241935 0.0080625 0.0201612 0.2719528 0.0174731 0.0712364 0.0089601 0.0931898 0.0403225 0.3427412 0.1034944 0.0519712 0.0201612 0.3149635 0.0469577
0.0546594 0.1151896 0.0860213 0.016577 0.0389784 0.0228494 0.7602356 0.0439067 0.9314495 0.0268817 0.09767 0.0094086 0.2289421 0.5976689 0.0238725
0.0358422 0.0205499 0.1236556 0.0707884 0.0519712 1.0676499 0.0020156 1.3508034 0.0546594 2.1115544 0.0349462 0.3346767 0.0676522 0.03181 0.0062358
0.032706 0.0520125 0.2298382 0.0170251 0.0456988 0.3646945 0.0019369 0.2087809 3.7535758 0.0716844 0.4784936 0.2307343 0.2293902 0.3355727 0.1964443
0.0183691 0.0131173 1.3808213 0.0179211 0.2719528 0.1424728 0.5226915 0.0958779 0.3051068 0.0295698 0.1491932 0.0891575 0.161738 0.0851253 0.0107867
0.0232974 0.1189531 0.0232974 0.1406807 0.0094086 0.16129 0.1546674 0.0286738 0.0152329 0.032258 0.0954299 0.0887095 0.0282257 0.0232974 0.0128181
0.0152329 0.001118 0.0264336 0.5707873 0.016129 1.2370044 0.0407533 0.016577 0.0188172 0.2482073 0.0443547 0.0922937 0.0309139 0.0286738 0.0096057
0.0819891 0.070657 0.2620962 0.1039424 0.0385304 0.0255376 0.0058894 2.8790258 0.4677409 0.0206093 0.0098566 0.0698923 0.4224901 0.0291218 0.133157
0.0188172 0.0068815 0.0846772 0.0394264 0.0291218 1.2558216 0.0386432 0.4896942 0.016129 0.0286738 0.0663081 0.3915762 0.1191754 0.0358422 0.0986395
0.0416666 0.0397613 0.0120967 0.0183691 0.0627239 0.0268817 0.0053382 1.0219511 0.0116487 0.1482972 6.5757022 0.761199 0.0622758 0.0793009 0.0490678
0.0698923 0.1369835 0.0873654 0.0120967 0.0470429 0.0846772 0.0102513 0.1442649 0.1760749 0.0309139 0.0712364 0.0851253 0.0837812 0.2253579 0.0302501
0.2186375 0.0006456 0.3413971 0.2316303 0.0376343 0.1052865 0.0006299 1.1043882 0.047939 0.1030464 0.7916649 0.0586916 0.112903 0.0439067 0.0656809
0.0739246 0.0422808 0.0174731 0.0129928 0.0528673 0.0873654 1.1636905 0.0313619 0.0103046 0.0138889 0.1267918 0.1335122 0.0103046 0.2060927 0.0013385
0.0219534 0.0437138 0.0134408 0.0506271 0.0945338 0.0228494 0.061382 0.2347665 0.3122753 0.3745511 0.0300179 0.0237455 0.3351247 0.1442649 0.042391
0.2379027 0.0360607 0.0340501 0.0344981 0.0887095 0.0739246 0.6640999 0.0224014 1.6939926 0.0685482 1.068098 0.1711466 0.0358422 0.0443547 0.056957
0.1008062 0.0225498 0.0147849 0.7853925 0.1106628 0.2638883 0.0366749 0.0143369 0.0179211 0.4386191 0.0125448 16.76878 0.0107527 0.0201612 0.3573791
0.049283 0.0653975 0.0797489 0.0112007 0.2208776 0.1886197 0.0209751 0.2029565 0.080197 0.5465938 0.0981181 0.0694443 0.0125448 0.1384406 0.0146133
0.0259856 0.0049288 0.0120967 0.1635301 0.1326162 1.1518791 0.0190382 0.2822574 1.2567176 0.0197132 0.0851253 0.0546594 0.0147849 2.1137946 0.0442019
0.0618278 0.0283132 0.0219534 0.1012543 0.0336021 0.080197 0.0210853 0.5094075 0.3158595 0.4130815 0.0439067 0.0098566 0.0595877 0.3803755 0.0848923
0.1635301 0.006724 0.1106628 0.2858417 0.2329744 0.0461469 0.1544942 0.0098566 0.0219534 0.631719 0.3637985 0.1496412 0.0201612 0.4335003
0.6518803 0.0788139 0.0394264 0.1478491 0.1155911 0.0103046 0.0098262 0.8378117 0.0138889 0.0421146 0.0340501 0.0506271 0.1335122 0.0390212
0.1926519 0.0233529 0.0528673 0.0412185 0.0224014 0.0250895 0.1268739 0.8194426 0.9265212 0.0143369 0.2876338 0.3364688 0.113351 0.026707
0.0412185 0.0006771 0.0094086 0.0497311 0.0434587 0.0232974 0.0256992 0.1720426 0.0179211 0.0497311 0.0268817 0.0416666 0.0232974 0.0488946
0.2289421 0.0099206 0.1635301 0.064964 0.096774 0.0336021 1.4885834 0.1810032 0.3024187 0.016129 0.0860213 0.0228494 0.0909496 0.0093695
0.0380824 0.0036218 0.0905016 0.0913976 0.0152329 0.0098566 0.6229214 0.0416666 0.1563617 0.0905016 0.0237455 0.2114691 0.1330642 0.0574295
0.0779568 0.0096844 0.0497311 0.0694443 0.0179211 0.4686369 0.0609253 0.1357524 0.0107527 0.0143369 0.0152329 2.1559092 0.0497311 0.0155423
0.0313619 0.006598 0.0891575 0.1308241 0.0981181 0.2517916 0.0430367 0.0143369 0.0129928 0.2069888 2.4556397 0.0273297 0.2275981 0.0984977
Appendices
A-18
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone
continued… 161-2-A(7) B continued…
scan 25x scan 25x scan scan scan scan 25x scan 25x scan 25x scan scan scan scan scan
0.4919344 0.0361552 0.356182 0.0075743 0.0201612 0.4507158 0.0949819 0.2939062 0.0053697 0.4919344 0.0361552 0.356182 0.0075743 0.0201612 0.4507158 0.0949819 0.1093188 0.0353942
0.0537633 0.0089916 0.0833331 0.0578546 0.1079747 0.1115589 0.0564515 0.1008062 0.0270534 0.0537633 0.0089916 0.0833331 0.0578546 0.1079747 0.1115589 0.0564515 0.0295698 0.0542113
0.3481175 0.1020251 0.0694443 0.1044974 0.4547481 0.1406807 0.0439067 0.0376343 0.0735229 0.3481175 0.1020251 0.0694443 0.1044974 0.4547481 0.1406807 0.0439067 0.3122753 0.4242822
0.1913078 0.0383125 0.0412185 0.1296454 0.25896 0.2526876 0.0461469 1.8561787 0.0311319 0.1913078 0.0383125 0.0412185 0.1296454 0.25896 0.2526876 0.0461469 0.0215053 0.0421146
0.049283 0.0864827 0.0385304 0.042769 0.2307343 0.0264336 0.0295698 0.0201612 0.0971277 0.049283 0.0864827 0.0385304 0.042769 0.2307343 0.0264336 0.0295698 0.259408 0.0206093
1.0259834 0.1737056 0.0416666 0.0259511 0.2786732 0.0425626 0.0748206 0.1120069 0.0007086 1.0259834 0.1737056 0.0416666 0.0259511 0.2786732 0.0425626 0.0748206 0.0389784 0.3266122
0.032258 0.0346907 0.0981181 0.0321397 0.598565 0.2486554 0.0434587 0.0465949 0.1723199 0.032258 0.0346907 0.0981181 0.0321397 0.598565 0.2486554 0.0434587 0.065412 0.080645
0.145161 0.0065508 0.194444 0.0314626 0.0474909 0.081093 0.1330642 0.1330642 0.0408951 0.145161 0.0065508 0.194444 0.0314626 0.0474909 0.081093 0.1330642 0.1635301 0.1187273
0.0882615 0.0606576 0.0497311 0.0716333 0.7643352 0.1370965 0.5138877 0.1057345 0.0209751 0.0882615 0.0606576 0.0497311 0.0716333 0.7643352 0.1370965 0.5138877 0.1227596 0.064068
0.0864693 0.0109284 0.2361106 0.0849553 0.0761647 0.0501791 0.2249099 0.4722212 0.0853017 0.0864693 0.0109284 0.2361106 0.0849553 0.0761647 0.0501791 0.2249099 0.0250895 0.0416666
0.1630821 0.1113316 0.0282257 0.0207231 0.2293902 0.1496412 0.0743726 0.3512537 0.0019211 0.1630821 0.1113316 0.0282257 0.0207231 0.2293902 0.1496412 0.0743726 0.0201612 0.0259856
0.1214155 0.0646416 0.032258 0.0294627 0.178315 0.3897841 0.1630821 0.0255376 0.022534 0.1214155 0.0646416 0.032258 0.0294627 0.178315 0.3897841 0.1630821 0.0394264 0.0201612
0.2706087 0.0214632 0.25896 0.0161407 0.1321682 0.1742828 0.2473113 0.7083318 0.0051178 0.2706087 0.0214632 0.25896 0.0161407 0.1321682 0.1742828 0.2473113 0.0197132 0.0730285
0.1653222 0.0953483 0.1402327 0.0296989 0.0250895 0.1568097 0.2181895 0.1724907 0.061319 0.1653222 0.0953483 0.1402327 0.0296989 0.0250895 0.1568097 0.2181895 0.0891575 0.0689963
0.0416666 0.0274313 0.1550176 0.0274786 0.0403225 0.0430107 0.0201612 0.0389784 0.0346907 0.0416666 0.0274313 0.1550176 0.0274786 0.0403225 0.0430107 0.0201612 0.0604837 0.0389784
0.3055549 0.015999 0.1146951 0.011826 0.1263438 0.0622758 0.2208776 0.2656804 0.0156211 0.3055549 0.015999 0.1146951 0.011826 0.1263438 0.0622758 0.2208776 0.2078848 0.0689963
0.2634403 0.0089758 0.0183691 0.0081255 0.1639781 0.3436372 0.0295698 0.0761647 0.025526 0.2634403 0.0089758 0.0183691 0.0081255 0.1639781 0.3436372 0.0295698 0.5085114 0.0210573
0.049283 0.0295572 0.0385304 0.3926367 0.0439067 0.1384406 0.1554656 0.1577057 0.0048973 0.049283 0.0295572 0.0385304 0.3926367 0.0439067 0.1384406 0.1554656 0.1084227 0.1720426
0.3875439 0.0079523 0.3754472 0.0012913 0.12948 0.0900536 0.0416666 0.032258 0.1036785 0.3875439 0.0079523 0.3754472 0.0012913 0.12948 0.0900536 0.0416666 0.0439067 0.0353942
0.1012543 0.0237623 0.0371863 0.2913832 0.0519712 0.1339603 0.0958779 0.1236556 0.0353679 0.1012543 0.0237623 0.0371863 0.2913832 0.0519712 0.1339603 0.0958779 0.3033147 0.0721325
0.0985661 0.0061413 0.1733867 0.2711798 0.48611 0.145609 0.016577 0.2213257 0.0067397 0.0985661 0.0061413 0.1733867 0.2711798 0.48611 0.145609 0.016577 0.0201612 0.0685482
0.0394264 0.1159769 0.0219534 0.2063964 0.0600357 0.1169352 0.0286738 0.03181 0.0083459 0.0394264 0.1159769 0.0219534 0.2063964 0.0600357 0.1169352 0.0286738 0.0250895 0.0900536
0.048387 0.3089569 0.1684584 0.0450523 0.4345868 0.0555554 0.064964 0.0344981 0.1008283 0.048387 0.3089569 0.1684584 0.0450523 0.4345868 0.0555554 0.064964 0.0994621 0.080197
0.0676522 0.0615079 0.5210562 0.0673973 0.0313619 0.4771495 0.0860213 0.4332428 0.1908226 0.0676522 0.0615079 0.5210562 0.0673973 0.0313619 0.4771495 0.0860213 0.0232974 0.0582436
0.0672042 0.0689248 0.2961463 0.0078105 0.0201612 0.1146951 0.0291218 0.1111109 0.0008188 0.0672042 0.0689248 0.2961463 0.0078105 0.0201612 0.1146951 0.0291218 0.3664866 0.0618278
0.0201612 0.0243764 0.4077052 0.185075 0.0985661 0.048387 1.0474887 0.2137092 0.0136842 0.0201612 0.0243764 0.4077052 0.185075 0.0985661 0.048387 1.0474887 0.0685482 1.7719494
0.1008062 0.0149754 0.307347 0.0267542 0.0716844 0.1003582 0.064964 0.0394264 0.0432099 0.1008062 0.0149754 0.307347 0.0267542 0.0716844 0.1003582 0.064964 0.3539419 0.1586018
0.0291218 0.1364796 0.0362902 0.0073539 0.1249997 0.8301953 1.844978 0.0981181 0.0027872 0.0291218 0.1364796 0.0362902 0.0073539 0.1249997 0.8301953 1.844978 0.1335122 0.03181
0.0990141 0.008031 0.0873654 0.0146762 0.0748206 0.065412 0.2782252 0.5040311 0.0588939 0.0990141 0.008031 0.0873654 0.0146762 0.0748206 0.065412 0.2782252 0.03181 0.0824371
0.047939 0.0007086 0.0591397 0.0060154 0.0896055 0.0909496 0.0232974 0.5232963 0.0606891 0.047939 0.0007086 0.0591397 0.0060154 0.0896055 0.0909496 0.0232974 0.0349462 0.2531356
0.2338704 0.1257244 0.2222217 0.0566421 0.4637086 0.3310925 0.0985661 0.5873643 0.112796 0.2338704 0.1257244 0.2222217 0.0566421 0.4637086 0.3310925 0.0985661 0.0394264 0.0743726
0.048387 0.0022518 0.1550176 0.1549666 0.0224014 0.0533153 0.032258 0.0439067 0.0117158 0.048387 0.0022518 0.1550176 0.1549666 0.0224014 0.0533153 0.032258 0.0577956 0.0864693
0.5044792 0.0149282 0.1572577 0.0745307 0.2499994 0.0873654 0.1388886 0.1075266 0.027762 0.5044792 0.0149282 0.1572577 0.0745307 0.2499994 0.0873654 0.1388886 0.0232974 0.0380824
0.0510752 0.0347537 0.0183691 0.0576027 0.2074368 0.0286738 0.0291218 0.0542113 0.0115426 0.0510752 0.0347537 0.0183691 0.0576027 0.2074368 0.0286738 0.0291218 0.0412185 0.033154
0.0201612 0.0276675 0.3906801 0.0208176 0.0439067 0.0873654 0.0577956 0.0564515 0.0147235 0.0201612 0.0276675 0.3906801 0.0208176 0.0439067 0.0873654 0.0577956 4.4475707 0.0501791
0.097222 0.0650038 0.0537633 0.1191421 0.1993723 0.1384406 0.2576159 0.0586916 0.0527211 0.097222 0.0650038 0.0537633 0.1191421 0.1993723 0.1384406 0.2576159 0.1971322 0.048387
0.0922937 0.0073539 0.3378129 0.0589254 0.0636199 0.0232974 0.1545695 0.4704291 0.0045194 0.0922937 0.0073539 0.3378129 0.0589254 0.0636199 0.0232974 0.1545695 0.081093 0.177867
0.0313619 0.0709719 0.0846772 0.0209121 0.0232974 0.2535837 0.049283 1.1312699 0.0023778 0.0313619 0.0709719 0.0846772 0.0209121 0.0232974 0.2535837 0.049283 0.1039424 0.405017
0.3803755 0.0383913 0.1895157 0.023841 0.146057 0.0430107 0.03181 0.0784048 0.0079208 0.3803755 0.0383913 0.1895157 0.023841 0.146057 0.0430107 0.03181 0.1173833 0.0259856
0.0201612 0.0584688 0.1684584 0.002677 0.0259856 0.0913976 0.1039424 0.145161 0.061382 0.0201612 0.0584688 0.1684584 0.002677 0.0259856 0.0913976 0.1039424 0.0842292 0.9430983
0.1917558 0.0049131 0.0295698 0.0451783 0.0609318 0.0913976 0.1061826 0.1818992 0.0268172 0.1917558 0.0049131 0.0295698 0.0451783 0.0609318 0.0913976 0.1061826 0.2298382 0.4144256
0.0743726 0.0162352 0.3848558 0.0114638 0.1724907 0.1142471 0.1012543 0.1962361 0.0297619 0.0743726 0.0162352 0.3848558 0.0114638 0.1724907 0.1142471 0.1012543 0.4072572 0.4233862
0.0922937 0.0164242 0.0958779 0.0487371 0.2822574 0.032258 0.2809134 1.1738325 0.0808453 0.0922937 0.0164242 0.0958779 0.0487371 0.2822574 0.032258 0.2809134 0.0689963 0.2983864
0.1563617 0.1388102 0.1487452 0.0110544 0.080197 0.9695319 0.1025983 0.0497311 0.1421958 0.1563617 0.1388102 0.1487452 0.0110544 0.080197 0.9695319 0.1025983 0.0340501 0.1738347
0.1075266 0.0139834 0.5237444 0.0661691 0.4811817 0.1438169 0.2558238 0.0627239 0.006535 0.1075266 0.0139834 0.5237444 0.0661691 0.4811817 0.1438169 0.2558238 0.0291218 0.0201612
0.2616482 0.2094199 0.0519712 0.0016849 0.1765229 0.0201612 0.0470429 0.2231178 0.0094167 0.2616482 0.2094199 0.0519712 0.0016849 0.1765229 0.0201612 0.0470429 0.0201612 0.0470429
0.049283 0.0166446 0.0963259 0.4541131 0.0546594 0.0201612 0.0232974 0.0752686 0.007905 0.049283 0.0166446 0.0963259 0.4541131 0.0546594 0.0201612 0.0232974 0.2719528 0.0627239
0.2334224 0.0628307 0.0501791 0.001244 0.2925621 0.0425626 0.0201612 0.3758952 0.0095427 0.2334224 0.0628307 0.0501791 0.001244 0.2925621 0.0425626 0.0201612 0.5376332 0.1079747
0.0533153 0.0051808 0.0398745 0.0079995 0.048835 0.032258 0.0833331 0.0398745 0.2930682 0.0533153 0.0051808 0.0398745 0.0079995 0.048835 0.032258 0.0833331 0.0232974 0.2199816
0.2029565 0.3575838 0.146505 0.0009133 0.1514334 0.0797489 0.3028667 0.0752686 0.2134196 0.2029565 0.3575838 0.146505 0.0009133 0.1514334 0.0797489 0.3028667 0.1523294 0.2047486
0.6684573 0.0073381 0.0936378 0.0178571 0.0246415 0.210573 2.5555498 0.0631719 0.0074798 0.6684573 0.0073381 0.0936378 0.0178571 0.0246415 0.210573 2.5555498 0.421146 0.0528673
0.0958779 0.1391251 0.0309139 0.1366056 0.1603939 0.0573475 0.0945338 0.0241935 0.0079837 0.0958779 0.1391251 0.0309139 0.1366056 0.1603939 0.0573475 0.0945338 0.0201612 0.2163974
0.0407705 0.0074641 0.1182793 0.0491623 0.0201612 0.2253579 0.0232974 0.0658601 0.0835695 0.0407705 0.0074641 0.1182793 0.0491623 0.0201612 0.2253579 0.0232974 0.9005356 0.0380824
0.1868275 0.0051493 0.2768811 0.013322 0.0448028 0.0542113 0.0286738 1.2092267 0.0219986 0.1868275 0.0051493 0.2768811 0.013322 0.0448028 0.0542113 0.0286738 0.0201612 0.0497311
0.0528673 0.0858214 0.0412185 0.0789084 0.0891575 0.3709669 0.0591397 0.2741929 0.0259669 0.0528673 0.0858214 0.0412185 0.0789084 0.0891575 0.3709669 0.0591397 0.048835 0.0286738
0.1859315 0.0836168 0.0304659 0.0753181 0.0286738 0.0353942 0.1106628 0.2495514 0.0986867 0.1859315 0.0836168 0.0304659 0.0753181 0.0286738 0.0353942 0.1106628 0.129032 0.1285839
0.744622 0.1508881 0.0788529 0.4820641 0.0940858 0.4713251 0.0201612 0.0232974 0.0176209 0.744622 0.1508881 0.0788529 0.4820641 0.0940858 0.4713251 0.0201612 0.0201612 0.2728489
0.4301066 0.0158573 0.0268817 0.2230096 0.2137092 0.0470429 0.0232974 0.03181 0.0117473 0.4301066 0.0158573 0.0268817 0.2230096 0.2137092 0.0470429 0.0232974 0.0201612 0.1097668
0.1518814 0.013133 0.0730285 0.0007086 0.0909496 0.0551074 0.0412185 0.032706 0.0043934 0.1518814 0.013133 0.0730285 0.0007086 0.0909496 0.0551074 0.0412185 0.1223116 0.0905016
0.096774 0.0076688 0.1102148 0.0690665 0.1366484 0.1926519 0.0430107 0.1693545 0.0133062 0.096774 0.0076688 0.1102148 0.0690665 0.1366484 0.1926519 0.0430107 0.0784048 0.0282257
0.1639781 0.2553225 0.1160392 0.0281242 1.1671121 0.0922937 0.1693545 0.2477593 0.0007086 0.1639781 0.2553225 0.1160392 0.0281242 1.1671121 0.0922937 0.1693545 0.5636188 0.3767913
0.0905016 0.01581 0.1769709 0.0023463 0.049283 0.0546594 0.0232974 0.1644262 0.0223136 0.0905016 0.01581 0.1769709 0.0023463 0.049283 0.0546594 0.0232974 0.0380824 0.0398745
0.0201612 0.0513826 0.1765229 0.0113694 0.4713251 0.2208776 0.1218635 0.1751788 0.071649 0.0201612 0.0513826 0.1765229 0.0113694 0.4713251 0.2208776 0.1218635 0.2244619 0.4260743
0.0430107 0.0182981 0.4466836 0.0322027 0.2791212 0.0232974 0.0958779 0.146057 0.0544533 0.0430107 0.0182981 0.4466836 0.0322027 0.2791212 0.0232974 0.0958779 0.0232974 0.0197132
0.1223116 0.1684776 0.032258 0.0059996 0.6335111 0.2011644 0.0461469 0.1335122 0.0289903 0.1223116 0.1684776 0.032258 0.0059996 0.6335111 0.2011644 0.0461469 0.1899637 0.0909496
0.096774 0.0099836 0.6523283 0.0043462 0.9108403 0.0232974 0.0515232 0.0846772 0.0103301 0.096774 0.0099836 0.6523283 0.0043462 0.9108403 0.0232974 0.0515232 0.0250895 0.113351
0.0922937 0.712648 0.4238342 0.0439185 0.0425626 0.0470429 0.0506271 0.0201612 0.0455404 0.0922937 0.712648 0.4238342 0.0439185 0.0425626 0.0470429 0.0506271 0.1066306 0.0304659
0.1756268 0.1536596 0.1420248 0.1110324 0.1021503 0.0250895 0.0371863 0.0851253 0.0800579 0.1756268 0.1536596 0.1420248 0.1110324 0.1021503 0.0250895 0.0371863 0.0703403 0.1249997
0.12948 0.1888385 0.566755 0.0699798 0.0201612 0.3812715 0.0461469 0.0618278 0.0074169 0.12948 0.1888385 0.566755 0.0699798 0.0201612 0.3812715 0.0461469 0.1061826 0.129928
0.0286738 0.0073539 0.211021 0.0055587 0.0250895 0.1187273 0.4018808 0.0582436 0.120827 0.0286738 0.0073539 0.211021 0.0055587 0.0250895 0.1187273 0.4018808 0.0609318 0.0286738
0.0376343 0.0362969 0.0524192 0.0090388 0.1818992 0.1357524 0.1957881 0.0533153 0.1123079 0.0376343 0.0362969 0.0524192 0.0090388 0.1818992 0.1357524 0.1957881 0.0425626 0.0999102
0.0412185 0.0076846 0.0613798 0.0423753 0.0555554 0.064516 0.0313619 0.7504464 0.3238221 0.0412185 0.0076846 0.0613798 0.0423753 0.0555554 0.064516 0.0313619 0.0636199 0.2204296
0.3691748 0.0167706 0.1729387 0.2746284 0.0232974 0.1648742 0.0994621 0.0797489 0.1733907 0.3691748 0.0167706 0.1729387 0.2746284 0.0232974 0.1648742 0.0994621 0.080645 0.0403225
0.1810032 0.0130385 0.0936378 0.0942775 0.1747308 0.3019707 0.0452508 1.6966808 0.0065665 0.1810032 0.0130385 0.0936378 0.0942775 0.1747308 0.3019707 0.0452508 0.1146951 0.2513435
0.1021503 0.1531242 0.1447129 0.1431721 0.2441751 0.1518814 0.0958779 0.1653222 0.0053225 0.1021503 0.1531242 0.1447129 0.1431721 0.2441751 0.1518814 0.0958779 0.5806439 0.0716844
0.6684573 0.1554233 0.1102148 0.2806122 0.0268817 0.1079747 0.1805552 0.1845874 0.0010078 0.6684573 0.1554233 0.1102148 0.2806122 0.0268817 0.1079747 0.1805552 0.0761647 0.2002684
0.1388886 0.0726726 0.8454282 0.0194948 1.3230257 0.0560035 0.1017023 0.4260743 0.0113221 0.1388886 0.0726726 0.8454282 0.0194948 1.3230257 0.0560035 0.1017023 0.3494616 0.0896055
0.0232974 0.064988 0.0268817 0.0187862 0.2558238 0.0336021 0.1890677 0.0515232 0.0275888 0.0232974 0.064988 0.0268817 0.0187862 0.2558238 0.0336021 0.1890677 0.0259856 0.0595877
0.1182793 0.0240457 0.1249997 0.0022518 0.0658601 0.1039424 0.0282257 0.032258 0.0056059 0.1182793 0.0240457 0.1249997 0.0022518 0.0658601 0.1039424 0.0282257 0.0201612 0.0201612
0.0430107 0.303414 0.0358422 0.1500535 0.0707884 0.1424728 0.1648742 0.081093 0.0032439 0.0430107 0.303414 0.0358422 0.1500535 0.0707884 0.1424728 0.1648742 0.1447129 0.1814512
0.2284941 0.0372575 0.1106628 0.1885393 0.1980282 0.1205194 0.0286738 0.2128131 0.0315571 0.2284941 0.0372575 0.1106628 0.1885393 0.1980282 0.1205194 0.0286738 0.2741929 0.0470429
0.1581538 0.2230096 0.0524192 0.0026455 0.0564515 0.0869174 0.0268817 0.0757167 0.0773967 0.1581538 0.2230096 0.0524192 0.0026455 0.0564515 0.0869174 0.0268817 0.1142471 0.0277777
0.3808235 0.1520219 0.0452508 0.20468 0.1975802 0.0900536 0.5362891 0.0474909 0.0352261 0.3808235 0.1520219 0.0452508 0.20468 0.1975802 0.0900536 0.5362891 0.081093 0.0201612
0.1196234 0.3418367 1.4448892 0.0796328 0.0918457 0.0775088 0.1715946 0.1796591 0.0588939 0.1196234 0.3418367 1.4448892 0.0796328 0.0918457 0.0775088 0.1715946 0.113351 0.0994621
0.1926519 0.1216774 0.0573475 0.1376606 0.1491932 0.1039424 0.0434587 0.3149635 0.0469577 0.1926519 0.1216774 0.0573475 0.1376606 0.1491932 0.1039424 0.0434587 0.0515232 0.0515232
0.0255376 0.0059209 0.0201612 0.0017164 0.1447129 0.3109312 0.2580639 0.5976689 0.0238725 0.0255376 0.0059209 0.0201612 0.0017164 0.1447129 0.3109312 0.2580639 0.0497311 0.1384406
0.0259856 0.0236835 0.0761647 0.3688901 0.0748206 0.0555554 0.0282257 0.03181 0.0062358 0.0259856 0.0236835 0.0761647 0.3688901 0.0748206 0.0555554 0.0282257 0.0465949 0.0922937
0.2051967 0.020046 0.1052865 0.033431 0.064964 0.1572577 0.0434587 0.3355727 0.1964443 0.2051967 0.020046 0.1052865 0.033431 0.064964 0.1572577 0.0434587 0.081541 0.0586916
0.064516 0.01581 0.5147838 0.0440602 0.0542113 0.0210573 0.0412185 0.0851253 0.0107867 0.064516 0.01581 0.5147838 0.0440602 0.0542113 0.0210573 0.0412185 0.2504475 0.0232974
0.0268817 0.2089002 0.0448028 0.0085979 0.0201612 0.0344981 0.0295698 0.0232974 0.0128181 0.0268817 0.2089002 0.0448028 0.0085979 0.0201612 0.0344981 0.0295698 0.0232974 0.0259856
0.0663081 0.0054957 0.129928 0.0041415 0.146057 0.2181895 0.0344981 0.0286738 0.0096057 0.0663081 0.0054957 0.129928 0.0041415 0.146057 0.2181895 0.0344981 0.1285839 0.2334224
0.0259856 0.0422336 0.1814512 0.0232111 0.0367383 0.1680104 0.0591397 0.0291218 0.133157 0.0259856 0.0422336 0.1814512 0.0232111 0.0367383 0.1680104 0.0591397 0.0465949 0.0730285
0.0412185 0.2247417 0.1706985 0.0291635 0.1353044 0.0779568 0.2818094 0.0358422 0.0986395 0.0412185 0.2247417 0.1706985 0.0291635 0.1353044 0.0779568 0.2818094 0.0940858 0.2043006
0.0770608 0.0042517 0.0412185 0.0126764 0.0712364 0.2379027 0.1550176 0.0793009 0.0490678 0.0770608 0.0042517 0.0412185 0.0126764 0.0712364 0.2379027 0.1550176 0.1550176 0.0752686
0.243279 0.0122197 0.0358422 0.0146762 0.4166657 0.0698923 0.0990141 0.2253579 0.0302501 0.243279 0.0122197 0.0358422 0.0146762 0.4166657 0.0698923 0.0990141 0.0685482 0.2002684
0.2486554 0.0641692 0.0470429 0.0115111 0.1021503 0.0658601 0.0613798 0.0439067 0.0656809 0.2486554 0.0641692 0.0470429 0.0115111 0.1021503 0.0658601 0.0613798 0.1953401 0.0465949
0.0936378 0.010645 0.2683686 0.0082042 0.0685482 0.3673827 0.0963259 0.2060927 0.0013385 0.0936378 0.010645 0.2683686 0.0082042 0.0685482 0.3673827 0.0963259 0.8835106 0.1890677
0.0273297 0.0365804 0.696235 0.1330782 0.3597662 0.0568995 0.1155911 0.1442649 0.042391 0.0273297 0.0365804 0.696235 0.1330782 0.3597662 0.0568995 0.1155911 0.1482972 0.064964
0.0519712 0.0468317 0.033154 0.0509102 0.3333326 0.0586916 0.0725805 0.0443547 0.056957 0.0519712 0.0468317 0.033154 0.0509102 0.3333326 0.0586916 0.0725805 1.8051035 0.0582436
0.0622758 0.0135425 0.1586018 0.0621693 0.0990141 0.1169352 0.064964 0.0201612 0.3573791 0.0622758 0.0135425 0.1586018 0.0621693 0.0990141 0.1169352 0.064964 0.0353942 0.1218635
0.0188172 0.2452759 0.0448028 0.0304705 0.6500882 0.0201612 0.0134408 0.1384406 0.0146133 0.0188172 0.2452759 0.0448028 0.0304705 0.6500882 0.0201612 0.0134408 0.1518814 0.3767913
0.323924 0.3124843 0.0232974 0.0049446 0.0784048 0.0636199 0.3118273 2.1137946 0.0442019 0.323924 0.3124843 0.0232974 0.0049446 0.0784048 0.0636199 0.3118273 0.2025085 0.0775088
0.064964 0.0135267 0.2836015 0.0154478 0.162186 0.3534938 0.048835 0.3803755 0.0848923 0.064964 0.0135267 0.2836015 0.0154478 0.162186 0.3534938 0.048835 0.0725805 0.1500893
0.0676522 0.0257779 0.1514334 0.082672 0.0147849 0.1868275 0.1102148 0.0201612 0.4335003 0.0676522 0.0257779 0.1514334 0.082672 0.0147849 0.1868275 0.1102148 0.0725805 0.1724907
0.5757156 0.0057162 0.1164872 0.0128338 0.0224014 0.4189059 0.1084227 0.1335122 0.0390212 0.5757156 0.0057162 0.1164872 0.0128338 0.0224014 0.4189059 0.1084227 0.0667561 0.0443547
0.0636199 0.038596 0.1093188 0.0010551 0.080197 0.2060927 0.1980282 0.113351 0.026707 0.0636199 0.038596 0.1093188 0.0010551 0.080197 0.2060927 0.1980282 0.1321682 0.1048385
0.0201612 0.0071649 0.0344981 0.0293367 0.1335122 0.0510752 0.1393366 0.0232974 0.0488946 0.0201612 0.0071649 0.0344981 0.0293367 0.1335122 0.0510752 0.1393366 0.0259856 0.0353942
0.0501791 0.1913265 0.1173833 0.0056689 0.129032 0.080197 0.0425626 0.0909496 0.0093695 0.0501791 0.1913265 0.1173833 0.0056689 0.129032 0.080197 0.0425626 0.0421146 0.0295698
0.0439067 0.0060941 0.2150533 0.0148967 0.0819891 0.03181 0.0891575 0.1330642 0.0574295 0.0439067 0.0060941 0.2150533 0.0148967 0.0819891 0.03181 0.0891575 0.0264336 0.4726692
0.2356626 0.0870969 0.0873654 0.0748299 0.6872745 0.0461469 0.0201612 0.0497311 0.0155423 0.2356626 0.0870969 0.0873654 0.0748299 0.6872745 0.0461469 0.0201612 0.3131713 0.404121
0.275985 0.0398243 0.0842292 0.0076531 0.0999102 0.0434587 0.1164872 0.2275981 0.0984977 0.275985 0.0398243 0.0842292 0.0076531 0.0999102 0.0434587 0.1164872 0.0201612 0.0891575
A-19
Appendices
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone
161-2-B(1) A continued… 161-2-B(1)
scan scan 25x scan 25x scan 25x scan 25x scan 25x scan scan scan scan scan scan
0.065412 0.0864693 0.0522644 0.0586916 0.0036218 0.0542113 0.0034486 0.2150533 0.0020629 0.0994621 0.0037793 0.0622758 0.0237455 0.0224014 0.0232974 0.0282257 0.0197132
0.0636199 0.0094086 0.0093852 0.0246415 0.0084247 0.0116487 0.0684366 0.0425626 0.1243386 0.0183691 0.0011495 0.081541 0.0622758 0.0425626 0.0170251 0.1568097 0.0138889
0.2155013 0.0730285 0.0106293 0.0094086 0.0189909 0.0206093 0.0057792 0.0421146 0.0856954 0.2737449 0.0301398 0.4923824 0.0819891 0.0358422 0.0116487 0.0313619 0.0215053
0.0577956 0.1030464 0.0431941 0.0147849 0.0202979 0.0824371 0.0156368 0.0779568 0.0076846 0.0219534 0.0070232 0.6975791 0.0094086 0.0927417 0.0134408 0.0241935 0.0752686
0.1545695 0.1173833 0.0457294 0.3064509 0.0068972 0.1079747 0.0030864 0.0094086 0.0244394 0.1922039 0.0050863 0.016129 0.145609 0.0618278 0.0134408 0.0694443 0.0228494
0.0358422 0.0174731 0.0048343 0.1017023 0.1401329 0.0300179 0.0279982 0.0591397 0.0319035 0.0524192 0.0052123 0.0353942 0.2069888 0.0282257 0.0134408 0.1070786 0.146505
0.0698923 0.2616482 0.0211325 0.0766127 0.0119835 0.0188172 0.001118 0.1917558 0.0153219 0.047939 0.1025983 0.0197132 0.064068 0.0367383 0.0264336 0.0672042
0.0470429 0.1061826 0.0012913 0.0560035 0.051603 0.0430107 0.0017952 0.3485655 0.0266912 0.1263438 0.0716844 0.0116487 0.0291218 0.0188172 0.0936378 0.0286738
0.0385304 0.0336021 0.0419501 0.112903 0.0074326 0.0452508 0.0160777 0.0519712 0.0115583 0.0658601 0.0120967 0.1021503 0.2800173 0.0116487 0.032706 0.0116487
0.0981181 0.4260743 0.0050705 0.0510752 0.1331097 0.0497311 0.0329743 0.0094086 0.0912698 0.0340501 0.1097668 0.0851253 0.0336021 0.0259856 0.0524192 0.0470429
0.0201612 0.1111109 0.0039997 0.1509853 0.0320925 0.0134408 0.0021416 0.047939 0.0062043 0.032258 0.0474909 0.0367383 0.0237455 0.0828851 0.0152329 0.033154
0.1657702 0.0663081 0.0119205 0.0264336 0.0034958 0.0192652 0.0424383 0.0291218 0.0396038 0.5860202 0.2773291 0.0542113 0.0116487 0.0474909 0.0398745 0.0094086
0.0385304 0.0909496 0.0042989 0.0094086 0.0066295 0.0094086 0.0285651 0.0170251 0.2616371 0.0618278 0.0304659 0.0371863 0.0380824 0.0533153 0.0887095 0.0134408
0.2988345 0.0743726 0.0448161 0.0152329 0.0059681 0.0918457 0.0047399 0.3355727 0.0185658 0.048835 0.0116487 0.0627239 0.0224014 0.0542113 0.0094086 0.0094086
0.2334224 0.0542113 0.0019369 0.0192652 0.0554768 0.0138889 0.0039997 0.0689963 0.0008818 0.0174731 0.0094086 0.0407705 0.0425626 0.0389784 0.0416666 0.0237455
0.0336021 0.0412185 0.0295887 0.0170251 0.0021888 0.0152329 0.0020629 0.033154 0.0179831 0.1388886 0.0201612 0.0094086 0.0757167 0.0304659 0.0564515 0.1048385
0.1120069 0.0143369 0.0550202 0.0300179 0.0939311 0.0945338 0.0032124 0.0663081 0.006787 0.016577 0.0094086 0.0291218 0.0555554 0.1003582 0.0219534 0.0304659
0.2706087 0.0174731 0.023778 0.0152329 0.0012283 0.2195336 0.0107867 0.0891575 0.0064248 0.0241935 0.0869174 0.0197132 0.0188172 0.1671143 0.0506271 0.0250895
0.0416666 0.0362902 0.0041257 0.0094086 0.0182508 0.0116487 0.0050863 0.016129 0.0173847 0.2562718 0.0125448 0.1178313 0.0788529 0.0116487 0.0703403 0.1254477
0.1818992 0.1012543 0.0506582 0.3548379 0.0124874 0.0591397 0.0829239 0.0542113 0.0072279 0.0627239 0.0116487 0.0430107 0.0188172 0.4439954 0.1281359 0.0425626
0.03181 0.0681002 0.1683044 0.0909496 0.0029604 0.0094086 0.0021416 0.0116487 0.0091018 0.0094086 0.0183691 0.0094086 0.0250895 0.2163974 0.0376343 0.0922937
0.5318088 0.3095871 0.0549099 0.016577 0.0071492 0.0116487 0.0105978 0.1227596 0.1097569 0.2988345 0.016129 0.0631719 0.0179211 0.0663081 0.0286738 0.3006266
0.0564515 0.1353044 0.0014645 0.0349462 0.0220773 0.1317201 0.0359347 0.0094086 0.0355411 0.0188172 0.0295698 0.0259856 0.0663081 0.0094086 0.0353942 0.0918457
0.0676522 0.0546594 0.0016377 0.0224014 0.0139519 0.0676522 0.0061571 0.081093 0.1363536 0.2253579 0.0412185 0.0286738 0.065412 0.7190844 0.0304659 0.0094086
0.0201612 0.0609318 0.004047 0.0582436 0.0350057 0.0949819 0.013259 0.0506271 0.0075743 0.0250895 0.0170251 0.0152329 0.0716844 0.0291218 0.0188172 0.0721325
0.065412 0.1164872 0.0027715 0.1630821 0.0267542 0.0353942 0.0128338 0.0094086 0.0068342 0.0367383 0.0439067 0.0452508 0.0094086 0.0358422 0.0313619 0.0734765
0.1397846 0.0309139 0.010645 0.096774 0.0058894 0.2710567 0.0114481 0.0219534 0.0844199 0.0179211 0.032706 0.2258059 0.065412 0.0094086 0.016577 0.259408
0.0439067 0.0358422 0.0101096 0.2965943 0.0035588 0.0228494 0.0105033 0.0094086 0.0032911 0.0394264 0.0174731 0.0094086 0.0542113 0.1478491 0.0116487 0.0197132
0.0748206 0.0577956 0.0217624 0.0201612 0.0426902 0.12948 0.0064248 0.0219534 0.0020471 0.0855733 0.033154 0.1599459 0.0681002 0.1039424 0.0443547 0.0443547
0.0779568 0.1353044 0.0136527 0.0273297 0.0168966 0.0138889 0.0676965 0.1057345 0.0105505 0.2123651 0.0304659 0.0380824 0.0241935 0.0147849 0.0116487 0.0797489
0.2876338 0.129032 0.0108497 0.0094086 0.0795225 0.0094086 0.0308957 0.0116487 0.0173217 0.0905016 0.0425626 0.0573475 0.0094086 0.0300179 0.0094086 0.0860213
0.032706 0.032706 0.0071964 0.1303761 0.0277305 0.0828851 0.0054485 0.0192652 0.0029447 0.0385304 0.0237455 0.0864693 0.0860213 0.0631719 0.016129 0.0094086
0.3633504 0.0546594 0.0679642 0.0497311 0.0021888 0.1308241 0.0209593 0.0398745 0.0335884 0.0094086 0.065412 0.0367383 0.0170251 0.6563605 0.1191754 0.0958779
0.0954299 0.0439067 0.0141566 0.0425626 0.0160462 0.0474909 0.0145818 0.0152329 0.0310217 0.0134408 0.0116487 0.0192652 0.0685482 0.0116487 0.0456988 0.0430107
0.0757167 0.0672042 0.1248268 0.0542113 0.1093159 0.1827953 0.0098262 0.0819891 0.0695389 0.0277777 0.0595877 0.0116487 0.0533153 0.0716844 0.0174731 0.0869174
0.03181 0.0250895 0.0038265 0.0506271 0.0019369 0.0376343 0.0139991 0.0604837 0.1104497 0.0250895 0.0192652 0.0094086 0.0152329 0.016129 0.1258958 0.29077
0.0564515 0.1052865 0.1005448 0.1550176 0.1118985 0.1496412 0.1289683 0.0761647 0.0285809 0.0376343 0.0990141 0.0367383 0.0197132 0.4404112 0.0358422 0.0188172
0.5810919 0.033154 0.0038895 0.0116487 0.0261086 0.1254477 0.0396353 0.0819891 0.0020156 0.0094086 0.0277777 0.0232974 0.0380824 0.0201612 0.016129 0.0385304
0.0891575 0.1930999 0.1087805 0.0259856 0.1186067 0.1070786 0.0297462 0.0291218 0.11815 0.146057 0.0134408 0.0519712 0.0913976 0.1160392 0.0465949 0.0246415
0.1953401 0.145609 0.0073066 0.2495514 0.0019841 0.1317201 0.0015905 0.2934581 0.0017322 0.0465949 0.0232974 0.0174731 0.0421146 0.1084227 0.0134408 0.0094086
0.1648742 0.178763 0.0329586 0.0385304 0.0347065 0.0183691 0.0096372 0.0443547 0.0240142 0.0380824 0.0510752 0.0353942 0.032258 0.0528673 0.0224014 0.0600357
0.2204296 0.0138889 0.0025038 0.2728489 0.1895629 0.0192652 0.0048501 0.0604837 0.0011653 0.0250895 0.0201612 0.0398745 0.0627239 0.0421146 0.0470429 0.0474909
0.2092289 0.0721325 0.0055272 0.0757167 0.0108812 0.0824371 0.0167234 0.2007164 0.0186445 0.0188172 0.0255376 0.0277777 0.1491932 0.0358422 0.0878134 0.0286738
0.0398745 0.2549277 0.0364544 0.064964 0.003921 0.1765229 0.010519 0.420698 0.002425 0.0707884 0.1070786 0.015681 0.0456988 0.0380824 0.0564515 0.0094086
0.0309139 0.0389784 0.0522802 0.080645 0.0273526 0.015681 0.0027715 0.0116487 0.0217152 0.0519712 0.0259856 0.0519712 0.0694443 0.0336021 0.0990141 0.0134408
0.081093 0.0501791 0.0072751 0.4413073 0.0054485 0.0707884 0.1079775 0.016129 0.030691 0.0506271 0.1205194 0.0094086 0.2674725 0.0210573 0.0094086 0.0152329
0.178315 0.0913976 0.021416 0.0143369 0.0506582 0.0586916 0.0024723 0.1895157 0.0263763 0.0094086 0.016129 0.015681 0.0385304 0.0380824 0.0232974 0.0116487
0.0828851 0.03181 0.0489733 0.0232974 0.0050548 0.0407705 0.0950176 0.0138889 0.0732552 0.0183691 0.1711466 0.0134408 0.0255376 0.0273297 0.0443547 0.0788529
0.0564515 0.0362902 0.0530675 0.0116487 0.0143141 0.0094086 0.10234 0.0094086 0.0434146 0.096774 0.2473113 0.0600357 0.0994621 0.0152329 0.048835 0.0398745
0.0232974 0.0116487 0.0284077 0.1675623 0.1170477 0.0398745 0.0897581 0.049283 0.0577129 0.1523294 0.0282257 0.0201612 0.0201612 0.0138889 0.0430107 0.0412185
0.1245517 0.0712364 0.005102 0.0094086 0.0049761 0.0546594 0.0009133 0.0461469 0.0290218 0.1913078 0.0990141 0.0344981 0.032258 0.09767 0.016129 0.2275981
0.1514334 0.0094086 0.0010865 0.0094086 0.0130385 0.0376343 0.0017322 0.081093 0.0135897 0.0246415 0.0125448 0.0273297 0.2168454 0.0456988 0.0421146 0.1384406
0.0595877 0.1953401 0.0019999 0.1469531 0.2551335 0.0241935 0.0171485 0.032706 0.0041572 0.0340501 0.0340501 0.2172934 0.081093 0.3902321 0.049283 0.0125448
0.1052865 0.0577956 0.0834278 0.0882615 0.0115898 0.032258 0.0105033 0.2007164 0.0564216 0.3306444 0.0385304 0.0497311 0.0551074 0.2132612 0.0497311 0.0698923
0.0985661 0.0524192 0.3591742 0.0604837 0.0102671 0.2069888 0.0507055 0.0134408 0.0036691 0.0116487 0.03181 0.0228494 0.1084227 0.0376343 0.1335122 0.0775088
0.9887971 0.0600357 0.0027872 0.112903 0.0081727 0.2119171 0.0120307 0.0362902 0.0035588 0.0340501 0.09767 0.0241935 0.1500893 0.016129 0.1057345 0.1276879
0.0232974 0.0681002 0.0234946 0.1102148 0.0026612 0.0152329 0.0041572 0.1008062 0.0628149 0.0546594 0.0152329 0.0255376 0.0542113 0.033154 0.016129 0.1810032
0.0465949 0.2007164 0.0020786 0.1017023 0.0219514 0.0927417 0.0036218 0.081093 0.0358088 0.2343185 0.1124549 0.1276879 0.1043904 0.0622758 0.0094086 0.0134408
0.405465 0.0273297 0.0123299 0.0268817 0.0009448 0.0900536 0.010393 0.0250895 0.0520912 0.1693545 0.0367383 0.0094086 0.0394264 0.0873654 0.0206093 0.1339603
0.0389784 0.03181 0.0496347 0.0837812 0.0101726 0.064068 0.0533352 0.0201612 0.009086 0.0255376 0.0734765 0.0259856 0.016129 0.0237455 0.0909496 0.0416666
0.032706 0.2867377 0.0064248 0.0143369 0.0288643 0.0443547 0.0672871 0.0094086 0.0139834 0.0143369 0.0340501 0.0188172 0.1218635 0.0389784 0.0461469 0.0094086
0.0385304 0.0622758 0.0366276 0.1030464 0.0353679 0.1263438 0.0253527 0.0985661 0.0151959 0.0170251 0.0291218 0.0232974 0.0134408 0.0237455 0.0152329
0.0501791 0.0188172 0.0058107 0.0358422 0.1095679 0.0421146 0.0157785 0.0210573 0.0084089 0.0134408 0.1845874 0.0497311 0.0309139 0.0183691 0.0215053
0.0201612 0.292114 0.0065193 0.0094086 0.0103301 0.1957881 0.1881456 0.016577 0.0939311 0.0094086 0.0273297 0.0174731 0.0295698 0.0470429 0.1357524
0.5586905 0.2612001 0.3586073 0.0752686 0.0228332 0.0094086 0.0625315 0.0094086 0.0067555 0.0344981 0.0094086 0.0170251 0.1491932 0.0125448 0.0344981
0.0264336 0.1518814 0.0192271 0.0134408 0.0094955 0.0116487 0.0655864 0.0219534 0.0171958 0.0174731 0.0537633 0.0658601 0.0416666 0.0129928 0.0430107
0.0757167 0.6612888 0.0107395 0.0295698 0.0043462 0.0358422 0.0036533 0.4811817 0.0209751 0.0721325 0.0349462 0.0116487 0.0237455 0.0560035 0.0694443
0.2634403 0.0604837 0.0369426 0.0510752 0.003858 0.2768811 0.0303131 0.0990141 0.0151172 0.0703403 0.0394264 0.0116487 0.0134408 0.0389784 0.0094086
0.032258 0.0201612 0.0024565 0.0304659 0.001181 0.0945338 0.013196 0.1868275 0.0020156 0.0927417 0.0470429 0.1303761 0.1841394 0.0636199 0.8064498
0.0891575 0.0094086 0.0269904 0.0313619 0.0885141 0.0528673 0.0090073 0.242831 0.0155266 0.0255376 0.0116487 0.0461469 0.0215053 0.0766127 0.0694443
0.0300179 0.0999102 0.0197468 0.0094086 0.214207 0.0250895 0.0044407 0.0188172 0.0188807 0.0215053 0.0385304 0.0215053 0.16129 0.2800173 0.0510752
0.0313619 0.0134408 0.0194633 0.0618278 0.0014015 0.0094086 0.0741843 0.0116487 0.0196366 0.0143369 0.0510752 0.0533153 0.0860213 0.016577 0.047939
0.6057334 0.0206093 0.3812043 0.033154 0.0022518 0.1541215 0.0214002 0.0268817 0.0368953 0.0197132 0.065412 0.03181 0.0465949 0.1245517 0.0241935
0.0264336 0.0533153 0.0057477 0.1034944 0.0117788 0.0851253 0.0614922 0.1868275 0.0370055 0.2374547 0.0304659 0.0259856 0.0537633 0.0201612 0.0600357
0.1102148 0.1025983 0.006409 0.2208776 0.0050233 0.0116487 0.0084247 0.0174731 0.0135582 0.112903 0.032258 0.0537633 0.0609318 0.0470429 0.0931898
0.0622758 0.0568995 0.0025668 0.0116487 0.1879409 0.0999102 0.007716 0.1926519 0.2138448 0.0954299 0.0595877 0.0138889 0.0448028 0.0228494 0.0286738
0.2535837 0.0094086 0.009275 0.0739246 0.02403 0.0855733 0.0569098 0.0291218 0.4966774 0.0291218 0.048387 0.0094086 0.0797489 0.1003582 0.0546594
0.0595877 0.0116487 0.0202822 0.0094086 0.0299509 0.0192652 0.0173847 0.0340501 0.007842 0.0403225 0.0304659 0.0268817 0.0833331 0.1106628 0.0107527
0.0739246 0.61559 0.0036533 0.0900536 0.0029762 0.0779568 0.052044 0.03181 0.010645 0.1254477 0.0555554 0.0900536 0.0273297 0.1066306 0.0685482
0.0398745 0.1684584 0.0795698 0.3100351 0.074704 0.0138889 0.0303131 0.1671143 0.0078893 0.0766127 0.03181 0.0685482 0.0851253 0.0622758 0.0112007
0.0201612 0.0116487 0.0525321 0.0192652 0.0185658 0.0295698 0.0356828 0.1209675 0.0053382 0.0094086 0.1433689 0.0170251 0.0282257 0.1142471 0.0241935
0.4771495 0.016129 0.0164714 0.0241935 0.115536 0.0197132 0.0079208 0.0793009 0.0011338 0.0116487 0.0551074 0.0403225 0.1751788 0.0667561 0.03181
0.5528661 0.1765229 0.0091333 0.0286738 0.0112906 0.0456988 0.0010078 0.0116487 0.0029919 0.1017023 0.0143369 0.065412 0.0143369 0.0147849 0.0439067
0.0515232 0.5403214 0.397723 0.2325264 0.012141 0.1182793 0.0334625 0.0425626 0.0784518 0.0443547 0.0474909 0.0134408 0.0116487 0.0564515 0.0291218
0.0542113 0.1308241 0.0170225 0.0237455 0.0548312 0.016129 0.0478395 0.0394264 0.0098576 0.0385304 0.0264336 0.0246415 0.0116487 0.0241935 0.0125448
0.1142471 0.0224014 0.0425485 0.0116487 0.0465325 0.0147849 0.0007086 0.0116487 0.0042674 0.0197132 0.0891575 0.1518814 0.0779568 0.2065408 0.0237455
0.0421146 0.0206093 0.1275668 0.0147849 0.021416 0.0573475 0.0007086 0.0891575 0.1027967 0.0152329 0.0353942 0.1545695 0.1017023 0.0255376 0.03181
0.4184578 0.048835 0.0160147 0.0793009 0.0116213 0.0537633 0.0215262 0.0201612 0.0301241 0.0367383 0.0465949 0.0125448 0.0286738 0.0147849 0.0703403
0.0681002 0.0568995 0.0017794 0.0094086 0.0087396 0.1008062 0.2413549 0.0143369 0.0020629 0.0246415 0.0560035 0.0116487 0.0358422 0.0116487 0.097222
0.0600357 0.2414869 0.0054957 0.0116487 0.0662793 0.1223116 0.0518707 0.0855733 0.0404699 0.0152329 0.6034933 0.0582436 0.0174731 0.0394264 0.0201612
0.0201612 0.2504475 0.002677 0.0134408 0.0016849 0.1796591 0.0230222 0.0250895 0.0751606 0.0188172 0.0273297 0.0179211 0.0201612 0.0300179 0.1568097
0.0994621 0.033154 0.0263763 0.1962361 0.0061256 0.0237455 0.0054642 0.0542113 0.0009133 0.0376343 0.0878134 0.0094086 0.0094086 0.0138889 0.1335122
0.0456988 0.0864693 0.0174635 0.1930999 0.0081255 0.0524192 0.0322657 0.0999102 0.0068342 0.3830637 0.0470429 0.0094086 0.0313619 0.0627239 0.0380824
0.0349462 0.0761647 0.0146605 0.0300179 0.006409 0.03181 0.0175265 0.0147849 0.0047084 0.0134408 0.0215053 0.032258 0.0237455 0.0107527 0.0698923
0.0232974 0.0855733 0.1508881 0.0793009 0.0041572 0.0237455 0.0067397 0.0291218 0.0106922 0.0300179 0.0761647 0.0560035 0.0860213 0.209677 0.0138889
0.1164872 0.4663968 0.0018896 0.1760749 0.0147707 0.0134408 0.0041887 0.0793009 0.0584215 0.0112007 0.0174731 0.0604837 0.0206093 0.0138889 0.0775088
0.0497311 0.0286738 0.002803 0.0448028 0.005102 0.0591397 0.042328 0.0672042 0.0056689 0.016129 0.0448028 0.0470429 0.1263438 0.0116487 0.0421146
0.1111109 0.0434587 0.0021888 0.0215053 0.0035588 0.0309139 0.0141251 0.047939 0.1109221 0.0909496 0.0819891 0.0174731 0.0286738 0.2190855 0.1066306
0.0542113 0.0143369 0.0275731 0.0448028 0.143739 0.2181895 0.0756173 0.0358422 0.0099364 0.0147849 0.0586916 0.0237455 0.065412 0.1245517 0.0094086
0.1115589 0.0094086 0.0378086 0.0336021 0.0171328 0.0519712 0.0280455 0.0716844 0.0045351 0.0201612 0.0295698 0.0116487 0.1321682 0.0833331 0.162634
0.0900536 0.0573475 0.0013857 0.0237455 0.0040627 0.0286738 0.0124402 0.0170251 0.0037478 0.0439067 0.0685482 0.033154 0.0179211 0.162634 0.0188172
0.033154 0.033154 0.0197468 0.0210573 0.0187547 0.0241935 0.0164242 0.0116487 0.010519 0.047939 0.0443547 0.0456988 0.0134408 0.0291218 0.0712364
0.1169352 0.0206093 0.0348954 0.0748206 0.0222663 0.0999102 0.0015747 0.0681002 0.062437 0.0663081 0.0188172 0.0842292 0.4314506 0.0116487 0.0219534
0.1276879 0.0730285 0.0272266 0.016129 0.0959152 0.291218 0.0350057 0.0228494 0.0031179 0.0094086 0.0636199 0.0241935 0.0501791 0.3024187 0.1285839
0.1362004 0.0712364 0.0137157 0.0138889 0.0033699 0.0134408 0.0195421 0.1025983 0.0018896 0.0344981 0.0291218 0.1733867 0.0439067 0.0398745 0.0698923
0.3024187 0.0609318 0.0975687 0.0716844 0.0339349 0.0582436 0.0249591 0.0183691 0.0859001 0.0663081 0.193548 0.0344981 0.0551074 0.0224014 0.0864693
0.047939 0.145161 0.0391786 0.0094086 0.0008818 0.0470429 0.0099049 0.016129 0.0352576 0.0094086 0.0170251 0.047939 0.015681 0.064964 0.032706
0.0250895 0.0116487 0.0348482 0.0304659 0.0952223 0.0362902 0.0098104 0.016129 0.0009448 0.0255376 0.0094086 0.0900536 0.0313619 0.0860213 0.0116487
0.0282257 0.0112007 0.0249433 0.0376343 0.0850183 0.1545695 0.0019841 0.033154 0.0193689 0.0376343 0.033154 0.1075266 0.2477593 0.0259856 0.0519712
0.0913976 0.0304659 0.0630984 0.09767 0.0075586 0.0398745 0.0142038 0.0264336 0.0307067 0.1160392 0.0407705 0.0201612 0.0304659 0.03181 0.1124549
0.0259856 0.0784048 0.0075428 0.2298382 0.00137 0.0241935 0.0289903 0.0600357 0.007968 0.0936378 0.0134408 0.0094086 0.0215053 0.015681 0.0143369
Appendices
A-20
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone Sample Zone
161-2-B(1) B continued… 161-2-B(2) A continued… 161-2-B(2) B
scan 25x scan 25x scan scan scan scan scan scan 25x scan 25x scan scan scan 25x
0.1836913 0.2780455 0.0873654 0.0103773 0.0215053 0.6460559 0.0300179 0.2477593 0.0546594 0.3015226 0.029069 0.047939 0.0370213 0.0340501 0.0201612 0.3440853 0.0059051
0.0560035 0.0400762 0.0416666 0.0048973 0.1648742 0.0833331 0.1232076 0.146505 0.1850354 0.0618278 0.0197625 0.1272399 0.0722474 0.1680104 0.0716844 0.0201612 0.0206444
0.0506271 0.005165 1.3516995 0.1204176 0.0250895 0.1599459 0.2522396 0.1173833 0.1079747 0.1482972 0.0266912 0.0582436 0.0337144 0.0564515 0.0784048 1.1469508 0.3452381
0.2195336 0.026707 0.1998203 0.3904006 0.1160392 0.16129 0.6832422 0.1715946 0.1769709 0.0398745 0.0162982 0.0595877 0.0122984 0.0403225 0.0371863 0.3449813 0.3834089
0.1335122 0.1999874 0.1487452 0.1415816 0.1205194 0.0618278 0.048835 0.0958779 1.1379903 0.0528673 0.0010078 0.0694443 0.0385645 0.0582436 0.0533153 0.2822574 0.0063303
0.2163974 0.0340294 0.0452508 0.0056532 0.0672042 0.1729387 0.275089 0.0627239 0.5757156 0.2016125 0.0015747 0.0609318 0.0616497 0.0295698 0.2047486 0.1917558 0.0546895
0.2885298 0.0897896 0.0869174 0.017117 0.1962361 0.0313619 0.0304659 0.033154 0.112903 0.0448028 0.0118733 0.1276879 0.0329113 0.0506271 0.1635301 0.0340501 0.0051808
0.1523294 0.0128338 0.0134408 0.5157628 0.4112894 0.0461469 0.0210573 0.0896055 0.0371863 0.0282257 0.0446586 0.1581538 0.1100246 0.064516 0.064964 0.2450711 0.0505637
0.0309139 0.0130228 0.1169352 0.0845459 0.1008062 0.1362004 0.1003582 0.03181 0.1214155 0.0340501 0.0166919 0.1021503 0.0463435 0.3440853 0.2482073 0.1496412 0.1206066
0.0689963 0.0131803 0.0537633 0.8140747 0.3342286 0.1146951 0.0918457 0.0573475 0.1218635 0.0546594 0.0372417 0.0922937 0.0718065 0.0591397 0.0945338 0.1402327 0.0366276
0.0313619 0.0207389 0.0568995 0.027762 0.0586916 0.0116487 0.2356626 0.0555554 0.0905016 0.2580639 0.0070704 0.162186 0.0481859 0.1178313 0.0869174 0.0703403 0.0842782
0.0560035 0.0102041 0.5860202 0.0423595 0.0887095 0.1120069 0.0286738 0.0716844 0.4108414 0.1227596 0.0034801 0.0286738 0.0148337 0.0268817 0.193996 0.2612001 0.0256047
0.1639781 0.003858 0.1742828 0.003732 0.145161 0.2862897 0.0519712 0.1975802 0.064964 0.0586916 0.0022991 0.0295698 0.0029762 0.0232974 0.0389784 0.0416666 0.436067
0.1680104 0.1684776 0.0313619 0.0704837 0.5282246 0.0546594 0.0443547 0.0197132 0.0349462 0.0201612 0.0057162 0.0582436 0.0043777 0.0963259 0.0900536 0.1720426 0.0534297
0.3897841 0.0767511 0.0201612 0.0053855 0.0761647 0.0232974 0.0170251 0.2186375 0.2069888 0.3870959 0.0021573 0.0797489 0.0365489 0.1142471 0.3588702 0.0201612 0.1331727
0.2352145 0.0128811 0.1930999 0.002425 0.0192652 0.0282257 0.0618278 0.1048385 0.1594979 0.0672042 0.0327696 0.033154 0.0428949 0.032258 0.0766127 0.3310925 0.0069917
0.0264336 0.0050548 0.0228494 0.078436 0.1227596 0.1545695 0.016129 0.0116487 0.032258 0.0421146 0.0022518 0.0407705 0.0274313 0.0869174 0.0788529 0.0416666 0.182146
0.1370965 0.0711924 0.0255376 0.2021762 0.032258 0.0201612 0.4390671 0.0264336 0.2692646 0.0963259 0.1018676 0.0510752 0.0184555 0.2343185 0.0434587 0.6989232 0.0565476
0.2320783 0.0723891 0.0860213 0.1835632 0.0250895 0.0748206 0.0506271 0.0210573 0.0246415 0.1200714 0.022849 0.0407705 0.0044564 0.0891575 0.146505 0.0264336 0.0084404
0.4753574 0.1292045 0.0878134 0.0151487 0.0246415 0.3158595 0.1326162 0.0264336 0.0094086 0.113799 0.0166919 0.0793009 0.005417 0.0533153 0.0528673 0.4260743 0.0124087
0.0201612 0.0450365 0.0224014 0.0534612 0.0842292 0.0358422 0.1706985 0.0542113 0.0264336 0.2016125 0.0349427 0.1052865 0.0034486 0.0201612 0.0201612 0.3678307 0.199641
0.145609 0.1497229 0.0241935 0.1988536 0.0784048 0.0215053 0.0716844 0.0179211 0.0188172 0.2356626 0.1319759 0.1088707 0.0210538 0.0376343 0.065412 0.5999091 0.0007086
0.7809122 0.0062043 0.0537633 0.1000252 0.0295698 0.0344981 0.0716844 0.0430107 0.3257161 0.0568995 0.0445011 0.032258 0.0211325 0.1254477 1.8911248 0.5089594 0.0366906
0.0241935 0.6570137 0.047939 0.0032754 0.5918446 0.0582436 0.0412185 0.3575261 0.0259856 0.1500893 0.0688776 0.033154 0.002677 0.0201612 0.0268817 0.3333326 0.0476978
0.0775088 0.0223765 0.0174731 0.0190382 0.0560035 0.0192652 0.1424728 0.03181 0.0376343 0.0336021 0.0047399 0.032258 0.04943 0.0389784 0.4009848 0.3051068 0.1076468
0.1093188 0.0426272 0.0757167 0.013133 0.0273297 0.032706 0.0246415 0.2625442 0.534049 0.2025085 0.0722002 0.0636199 0.0019999 0.4287625 0.080645 0.0358422 0.1875787
0.03181 0.0042674 0.0515232 0.0018267 0.0900536 0.0949819 0.1057345 0.2132612 0.1254477 0.0721325 0.1538643 0.1469531 0.0086451 0.3897841 0.2643363 0.3198918 0.01718
0.0094086 0.0087239 0.1079747 0.014818 0.1366484 0.0465949 0.0819891 0.7316292 0.2898739 0.0819891 0.0084877 0.0600357 0.0269589 0.0828851 0.0663081 0.1904118 0.0994898
0.3763432 0.6275353 0.0869174 0.2039557 0.047939 0.064068 0.0734765 0.1021503 0.3310925 0.1689064 0.0156998 0.1057345 0.0130543 0.0439067 0.1514334 0.2029565 0.2547241
0.0138889 0.0920257 0.0667561 0.3300737 0.0743726 0.0116487 0.0300179 0.2325264 0.1267918 0.0286738 0.0244709 0.1975802 0.0241087 0.0358422 0.1702505 0.857525 0.6175674
0.0873654 0.2294974 0.0430107 0.1010645 0.0232974 0.0291218 0.2128131 0.0340501 0.0250895 0.1057345 0.003921 0.0295698 0.0074483 0.0694443 0.0703403 0.0201612 0.005417
0.259408 0.0076846 0.0219534 0.215514 0.0434587 0.0439067 0.2352145 0.0403225 0.0573475 0.0232974 0.1590923 0.243279 0.0154321 0.0183691 0.0981181 0.1832433 0.8943059
0.1173833 0.0056217 0.582884 0.0597915 0.0412185 0.0775088 0.0407705 0.0210573 0.1223116 0.0873654 0.0017479 0.0250895 0.0091175 0.0201612 0.0560035 0.3499096 0.1031746
0.0609318 0.0042202 0.0922937 0.0129441 0.0237455 0.0412185 0.1957881 0.3646945 0.3212358 0.2634403 0.0027715 0.1061826 0.0282502 0.0228494 0.080197 0.6590487 0.1131582
0.0622758 0.0105505 0.2137092 0.1368733 0.4000887 0.0501791 0.016577 0.015681 0.0981181 0.1747308 0.0013228 0.047939 0.023841 0.0380824 0.0497311 0.4399632 0.0848765
0.0152329 0.0284549 0.0224014 0.0276833 0.1644262 0.016129 0.1303761 0.129032 0.8185466 0.0430107 0.0102671 0.1823473 0.006913 0.0201612 0.1200714 1.0008938 0.6061665
0.5035831 0.0189437 0.2612001 0.0014172 0.2441751 0.0116487 0.0300179 0.0533153 0.0188172 0.0896055 0.0805146 0.0613798 0.0030864 0.033154 0.097222 0.0353942 0.2945641
0.0878134 0.0105033 0.0241935 0.4093758 0.0125448 0.2356626 0.0362902 0.1514334 0.0300179 0.0501791 0.0317618 0.0259856 0.0014015 0.0716844 0.0667561 0.0268817 0.0440602
0.0138889 0.1812169 0.0192652 0.0409108 0.0264336 0.0170251 0.0192652 0.0250895 0.2468632 0.1357524 0.0185028 0.0398745 0.0312894 0.0577956 0.032258 0.0389784 0.1584467
0.1057345 0.0655707 0.1505373 0.1002299 0.2974904 0.0515232 0.0403225 0.0394264 0.0291218 0.0452508 0.0399817 0.0846772 0.2147581 0.3431892 0.0663081 0.3382609 0.0272896
0.1581538 0.3417108 0.1043904 0.0275258 1.3136171 0.0179211 0.0698923 0.1232076 0.0094086 0.0389784 0.0294785 0.0232974 0.0462963 0.1684584 0.1482972 0.7867366 0.0134637
0.081093 0.0193059 0.2983864 0.0365646 0.7356614 0.0600357 0.0533153 0.016129 0.0300179 0.0752686 0.0022676 0.0721325 0.0357773 0.1599459 0.0869174 0.4749093 0.2004283
0.6142459 0.0028817 0.146057 0.0355411 0.0300179 0.0224014 0.0922937 0.0452508 0.0497311 0.0707884 0.005228 0.0586916 0.0017794 0.0685482 0.0385304 0.1854835 0.2745496
0.1272399 0.4812295 0.0537633 0.042454 0.113351 0.0613798 0.1209675 0.0627239 0.0143369 0.1263438 0.082483 0.1218635 0.0055745 0.0201612 0.1079747 0.1120069 0.0615237
0.1698025 0.2364733 0.2181895 0.0087396 0.2370066 0.0268817 0.0560035 1.327058 0.0501791 0.1357524 0.0360135 0.0250895 0.0173217 0.1079747 0.162186 0.0398745 0.171564
0.0869174 0.0019526 0.3512537 0.0086924 0.1160392 0.0560035 0.0304659 0.0344981 0.0094086 0.178315 0.0487371 0.0990141 0.1604151 0.0210573 0.1012543 1.2271478 0.0831129
0.4148736 0.0551304 0.0721325 0.3021227 0.1258958 0.0797489 0.064516 0.1930999 0.0201612 0.080645 0.0072751 0.0922937 0.0018739 0.1379925 0.0676522 0.1317201 0.1311571
0.2508955 0.0681217 0.0403225 0.1172367 0.0573475 0.0896055 0.0094086 0.0748206 0.0524192 0.1563617 0.0021259 0.0609318 0.0012913 0.1801071 0.0716844 1.020607 0.0264393
0.0497311 0.326011 0.0116487 0.047934 0.0945338 3.5586838 0.064516 0.1218635 0.1698025 0.1034944 0.01992 0.0927417 0.0022991 0.0882615 0.1075266 0.3136194 0.0432256
0.1326162 0.3414116 0.1160392 0.0938996 0.1362004 0.1402327 0.1097668 0.0851253 0.1796591 0.0963259 0.0069917 0.0358422 0.0232269 0.1191754 0.0201612 0.03181 0.0718695
0.1715946 0.0025983 0.0259856 0.002551 0.0681002 0.2069888 0.0568995 0.0586916 0.0631719 0.0613798 0.0014645 0.1469531 0.0091805 0.0259856 0.0259856 0.5716833 0.2611961
0.2715048 0.1830121 0.4632606 0.2521101 0.0586916 0.0273297 0.0259856 0.097222 0.0340501 0.1034944 0.0100309 0.1644262 0.0062201 0.1518814 0.0922937 0.09767 0.2197499
0.1836913 0.0241717 0.113799 0.0281715 0.1348563 0.0094086 0.7862886 0.2155013 0.0237455 0.2186375 0.0016062 0.0201612 0.0145503 0.0398745 0.0501791 0.4905903 0.0129756
0.2692646 0.0028502 0.0250895 0.021353 0.0757167 0.0094086 0.0618278 0.1030464 0.0412185 0.405017 0.0009133 0.2060927 0.0232269 0.12948 0.0264336 0.145161 0.2959026
0.1169352 0.1840671 0.0094086 0.0061256 0.0407705 0.0398745 0.0712364 0.0094086 0.0277777 0.0658601 0.0975529 0.1402327 0.0057162 0.0295698 0.3584221 0.064964 0.0638228
0.0555554 0.008157 0.1312721 0.4082735 0.0416666 0.0470429 0.0300179 0.096774 0.6514322 0.4587803 0.381472 0.0295698 0.0103773 0.1052865 0.0779568 0.0788529 0.0318878
0.0546594 0.12226 0.0295698 0.1367158 0.1841394 0.1057345 0.0264336 0.0842292 0.1245517 0.2849456 0.0185658 0.0336021 0.0218254 0.0353942 0.0519712 0.1469531 0.3262629
0.0963259 0.2433547 0.6326151 0.2628811 0.2491034 0.2392468 0.033154 0.2598561 0.3297484 0.0380824 0.0411628 0.2060927 0.0876795 0.048835 0.1841394 0.646952 0.0640747
0.015681 0.0077003 0.1930999 0.2320641 0.5295687 0.0313619 0.0206093 0.0627239 0.0869174 0.1312721 0.0094167 0.1057345 0.0307067 0.0542113 0.0385304 0.5533142 0.020046
0.1142471 0.0504063 0.0685482 0.0231324 0.0577956 0.2056447 0.1478491 0.0358422 0.2562718 0.1720426 0.0132275 0.080197 0.0311791 0.0667561 0.0689963 0.2477593 0.0764676
0.0210573 0.5508472 0.049283 0.0323602 0.0277777 0.064964 0.0828851 0.0255376 0.0197132 0.0201612 0.06524 0.0743726 0.0175579 0.0591397 0.0295698 0.0201612 0.0128338
0.0304659 0.1775479 0.0627239 0.0142511 0.0134408 0.0456988 0.339605 0.032706 0.0367383 0.1953401 0.0025353 0.1388886 0.1156463 0.0344981 0.0228494 0.4762534 0.1269054
0.1245517 0.006913 0.080645 0.0658601 0.0237455 0.5111996 1.9471283 0.1021503 0.032258 0.0099679 0.0448028 0.0011495 0.1742828 0.0506271 0.0201612 0.0393046
0.2204296 0.087522 0.0743726 0.1048385 0.0685482 0.2316303 0.0362902 0.3705189 0.0385304 0.1087176 0.1805552 0.0071807 0.0725805 0.1482972 0.5488339 0.0063933
0.6581527 0.055965 0.0546594 0.0586916 0.0430107 0.0295698 0.3033147 0.0425626 0.0474909 0.0060784 0.0698923 0.0110544 0.0232974 0.0259856 0.3826156 0.2865804
0.3127233 0.0036376 0.1742828 0.016129 0.064068 0.0367383 0.0770608 0.0201612 0.145161 0.1156778 0.0721325 0.0025353 0.1353044 0.0362902 0.0586916 0.2083333
0.0725805 0.0389897 0.1509853 0.0613798 0.1236556 0.0533153 0.048835 0.2818094 0.2647844 0.0136054 0.1142471 0.0410683 0.0268817 0.0358422 0.5479378 0.0007086
0.1823473 0.0097632 0.112903 0.0246415 0.0945338 0.1008062 0.0358422 0.0094086 0.0264336 0.0793178 0.1021503 0.0128496 0.0286738 0.03181 0.0833331 0.0772865
0.048835 0.1056626 0.0501791 0.0434587 0.0497311 0.0622758 0.259408 0.033154 0.032258 0.0104875 0.112903 0.0921989 0.0501791 0.0403225 0.1505373 0.0646259
0.5031351 0.0102671 0.0739246 0.0627239 0.4435474 0.016129 0.0174731 0.0586916 0.0232974 0.0077948 0.0425626 0.0338719 0.0824371 0.1424728 0.2782252 0.0791131
0.0336021 0.0101883 0.0201612 0.0380824 0.033154 0.0224014 0.0416666 0.0286738 0.048387 0.0165029 0.0618278 0.0451625 0.0918457 0.0380824 0.3346767 0.0762314
0.1863795 0.0135739 0.080645 0.0456988 0.0739246 0.0255376 0.0425626 0.3584221 0.1397846 0.0127394 0.1057345 0.0030707 0.0250895 0.2186375 0.1321682 0.0426272
0.0241935 0.0156998 0.0116487 0.1662183 0.0179211 0.0954299 0.0465949 0.0170251 0.0658601 0.0045666 0.177419 0.0410525 0.048387 0.0622758 0.3369168 0.0538076
1.3624522 0.1128905 0.0152329 0.0295698 0.0730285 0.2836015 0.0515232 0.081093 0.0537633 0.042328 0.2177414 0.0669564 0.1182793 0.0515232 0.0784048 0.0009133
0.3015226 0.1809177 0.0595877 0.0344981 0.0528673 0.6124538 0.0869174 0.0107527 0.0958779 0.0176524 0.0515232 0.1302753 0.0698923 0.032258 0.0456988 0.0235891
0.0183691 0.062311 0.1070786 0.0183691 0.1680104 0.1433689 0.0300179 0.0371863 0.0456988 0.0209121 0.0201612 0.2078609 0.0264336 0.064068 0.1509853 0.0217939
0.4193539 0.0048973 0.0250895 1.5636166 0.0900536 0.0349462 0.6778659 0.0116487 0.065412 0.0207389 0.0712364 0.0058422 0.1827953 0.1653222 0.2029565 0.1359599
0.03181 0.1812799 0.0551074 0.0766127 0.1662183 0.0241935 0.0116487 0.080645 0.0201612 0.1179768 0.8109301 0.0013228 0.1845874 0.0618278 0.0286738 0.1093947
0.4820778 0.2134354 0.0452508 0.1017023 0.032706 0.1115589 0.0797489 0.1124549 0.0707884 0.3307351 0.0201612 0.0156998 0.1008062 0.0456988 0.0470429 0.1121819
0.2419349 0.050359 0.0094086 0.0448028 0.0990141 0.0676522 0.081093 0.3037628 0.0712364 0.0040627 0.0788529 0.0113694 0.0232974 0.0537633 0.42025 0.1067649
0.0192652 0.3584656 0.1048385 0.015681 0.0497311 0.1258958 0.0421146 0.5716833 0.0201612 0.003858 0.0990141 0.0529888 0.2549277 0.0510752 0.242831 0.0665942
0.0371863 0.0498551 0.0116487 0.0300179 0.1120069 0.2661284 0.0551074 0.3673827 0.0465949 0.1562106 0.0519712 0.0376669 0.1039424 0.1276879 0.0259856 0.08927
0.146057 0.0866717 0.0206093 0.0282257 0.1518814 0.0725805 0.0900536 0.0112007 0.0609318 0.0055902 0.0201612 0.0163927 0.0515232 0.0201612 0.145161 0.0540123
0.4507158 0.0070232 0.0568995 0.0385304 0.0277777 0.0474909 0.032258 0.0775088 0.0232974 0.0501701 0.047939 0.0106922 0.0250895 0.0501791 0.1330642 0.1909171
0.0985661 0.073271 0.0613798 0.047939 1.2576137 0.0609318 0.1057345 0.4426513 0.0201612 0.0437768 0.1236556 0.0126449 0.1469531 0.0725805 0.0250895 0.0762314
0.016577 0.016062 0.0497311 0.0179211 0.0586916 0.0282257 0.1263438 0.0412185 0.0403225 0.3503716 0.0259856 0.0240142 0.3351247 0.0385304 0.129032 0.1497229
0.0340501 0.014566 0.016129 0.0273297 0.0273297 0.7159482 0.0116487 0.2056447 0.0201612 0.0109442 0.0201612 0.0153849 0.0766127 0.1236556 0.307795 0.0345962
0.162186 0.0915375 0.0371863 0.0663081 0.0277777 0.0555554 0.0524192 0.5730274 0.0748206 0.0053068 0.1397846 0.0128023 0.03181 0.0421146 0.0389784 0.0062988
0.0340501 0.0404227 0.081093 0.0246415 0.2249099 0.0784048 0.1433689 0.0371863 0.0586916 0.0274313 0.129928 0.01855 0.1500893 0.0183691 4.1590409 0.1977513
0.3360208 0.0161565 0.03181 0.0143369 0.5232963 0.129928 0.0237455 0.0389784 0.0201612 0.0043304 0.3700709 0.0056689 0.0268817 0.0954299 0.2607521 0.0383913
0.2871857 0.0049918 0.0537633 0.0474909 0.1447129 0.7992814 0.0577956 0.0909496 0.0636199 0.161974 0.0663081 0.0066138 0.0788529 0.0241935 0.1267918 0.1336136
0.2092289 0.006787 0.0555554 0.0412185 0.1402327 0.0367383 0.0896055 0.0134408 0.1375445 0.039777 0.0425626 0.0016377 0.0232974 0.0533153 0.1249997 0.0618071
0.1559136 0.0687201 0.065412 0.0533153 0.0385304 0.3776873 0.0201612 0.1048385 0.0367383 0.0040627 0.0291218 0.0046296 0.1554656 0.0295698 0.0999102 0.2708648
0.0340501 0.0182823 0.3113792 0.4959666 0.0273297 0.0282257 0.1836913 0.0658601 0.1335122 0.1232993 0.0842292 0.0022046 0.033154 0.0259856 0.5698912 0.2601726
0.3508057 0.0025038 0.0125448 0.0197132 0.0439067 0.1017023 0.0286738 0.0730285 0.6326151 0.0323129 0.0250895 0.0008188 0.0564515 0.0232974 0.0421146 0.0323917
0.080197 0.0160935 0.0143369 0.0277777 0.0474909 0.0533153 0.3301964 0.3579741 0.0707884 0.0362812 0.1079747 0.0533153 0.0591397 0.1895157 0.0466585
0.0255376 0.0077475 0.0940858 0.0878134 0.1227596 0.1227596 0.0304659 0.0443547 0.0591397 0.0052753 0.0430107 0.1711466 0.0573475 0.243279 0.0227702
0.0761647 0.009527 0.0116487 0.1111109 0.0188172 0.258512 0.0282257 0.1514334 0.1187273 0.0944035 0.1017023 0.0282257 0.0501791 0.4632606 0.0038108
0.1429208 0.0093852 0.0286738 0.5568984 0.1088707 0.0277777 0.0600357 0.0215053 0.2764331 0.0057634 0.0694443 0.0380824 0.0201612 0.3440853 0.2750063
0.1689064 0.0753496 0.0501791 0.0089606 0.1518814 0.0309139 2.8028611 0.112903 0.0985661 0.0065665 0.1263438 0.0192652 0.0416666 0.0676522 0.0322027
0.1267918 0.0068972 0.0237455 0.0439067 0.0094086 0.0138889 0.0600357 0.1375445 0.0631719 0.0103301 0.0896055 0.0394264 0.0385304 0.2396948 0.0656652
0.1200714 0.2022392 0.161738 0.0595877 0.0842292 0.1872756 0.2728489 0.0595877 0.0439067 0.0108182 0.0663081 0.1146951 0.0367383 0.2558238 0.195657
0.0336021 0.0159832 0.1590498 0.032258 0.3481175 0.0618278 0.0434587 0.1245517 0.0618278 0.0983403 0.0685482 0.0985661 0.1554656 0.0579806
0.0501791 0.2341112 0.0837812 0.0940858 0.2302862 0.0470429 0.0268817 0.2782252 0.1733867 0.0248961 0.3342286 0.0716844 0.1263438 0.0734284
0.0407705 0.0049446 0.0259856 0.0627239 0.340501 0.09767 0.0232974 0.0524192 0.1796591 0.0714128 0.0201612 0.080645 0.0232974 0.1376134
0.0573475 0.7665029 0.0094086 0.1178313 0.0676522 0.0443547 0.0152329 0.0416666 0.2016125 0.0156998 0.4099453 0.0519712 0.1442649 0.0111489
0.0183691 0.0214632 0.081093 0.0344981 0.3248201 0.2616482 0.0094086 0.0819891 0.3808235 0.0257307 0.0201612 0.0981181 0.080645 0.0207074
0.0461469 0.2367725 0.1671143 0.0215053 0.1447129 0.0295698 0.0197132 0.0134408 0.047939 0.179658 0.0990141 0.0232974 0.0913976 0.1178666
0.0313619 0.0007086 0.080197 0.0094086 0.065412 0.0380824 0.4077052 0.0206093 0.307347 0.001433 0.0403225 0.0510752 0.0591397 0.2552123
0.0994621 0.0017952 0.1267918 0.0152329 0.0282257 0.2616482 0.2441751 0.0094086 0.6353032 0.0353521 0.0232974 0.0591397 0.0533153 0.0328483
0.0743726 0.0144085 0.0201612 0.0362902 0.0412185 0.0282257 0.1326162 0.0784048 0.2016125 0.0116213 0.0313619 0.0672042 0.324372 0.1559744
A-21
Appendices
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone
continued… 161-2-B(4) A continued… 161-2-B(4) B
scan 25x scan scan scan scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x scan 25x
0.0286738 0.0479025 0.1962361 0.1527774 0.1684584 0.0528673 0.002488 0.0201612 0.0082672 0.0309139 0.041273 0.0667561 0.0035588 0.0291218 0.0078105 0.0201612 0.0142983 0.0210573 0.0883094
0.0403225 0.1294879 0.0784048 0.3006266 0.2334224 0.0385304 0.0136212 0.032258 0.0050863 0.0873654 0.0113851 0.4941745 0.0010236 0.0394264 0.0428792 0.0237455 0.0016849 0.0725805 0.0341553
0.1810032 0.0074956 0.0201612 0.1348563 0.1151431 0.0232974 0.0065193 0.0201612 0.0039525 0.0286738 0.0333995 0.0362902 0.0116528 0.0506271 0.0060784 0.0443547 0.0404856 0.0094086 0.0005511
0.4525079 0.0288643 0.3655906 0.3315405 0.1106628 0.1043904 0.0502488 0.0716844 0.0010078 0.1034944 0.0048973 0.0371863 0.0091648 0.032706 0.0005039 0.2544797 0.0039525 0.0098566 0.0090545
0.0663081 0.0589412 0.3257161 0.162634 0.032258 0.0264336 0.0052123 0.129928 0.005291 0.0465949 0.0023621 1.279119 0.0075901 0.0757167 0.0055587 0.0201612 0.0092593 0.1684584 0.0939311
0.6052854 0.0105978 0.2441751 0.0869174 0.0264336 0.0304659 0.0076058 0.0201612 0.0004724 0.1554656 0.005354 0.1214155 0.0282974 0.0658601 0.0028502 0.1984763 0.0642952 0.0595877 0.0488631
0.0958779 0.0079208 0.0878134 0.1030464 0.1469531 0.1196234 0.0025825 0.0201612 0.0031494 0.064964 0.1393456 0.0259856 0.0022676 0.0385304 0.0003307 0.0663081 0.0025668 0.0434587 0.050296
0.0954299 0.0753968 0.2141572 0.2119171 0.0201612 0.0833331 0.0063933 0.2249099 0.005291 0.032258 0.0009291 0.0201612 0.0032754 0.1379925 0.0018739 0.5680991 0.004173 0.0147849 0.1123551
1.7370033 0.0420288 0.3633504 0.0250895 0.3060029 0.0721325 0.0121095 0.0394264 0.0648778 0.0232974 0.0008661 0.0304659 0.0025353 0.0201612 0.0015905 0.0551074 0.0171958 0.0519712 0.0152589
0.7293891 0.0508629 0.0367383 0.2213257 0.0752686 0.0537633 0.0060626 0.0474909 0.005165 0.0439067 0.0221718 0.0232974 0.0025983 0.0358422 0.0018424 0.1680104 0.0074011 0.0094086 0.001118
0.0336021 0.0461703 0.2092289 0.0394264 0.0398745 0.1482972 0.0036218 0.0403225 0.007905 0.032258 0.0007244 0.032706 0.02677 0.0721325 0.0018896 0.0201612 0.0109757 0.0125448 0.0156998
0.1326162 0.0471309 0.2809134 0.1859315 0.032706 0.0358422 0.0096372 0.0313619 0.001307 0.0551074 0.002677 0.0698923 0.00137 0.0918457 0.0015905 0.0183691 0.0110387 0.0170251 0.0086766
0.3700709 0.0400447 0.0905016 0.0582436 0.1541215 0.0389784 0.0013228 0.0259856 0.0523904 0.0201612 0.0017164 0.0573475 0.0025983 0.0394264 0.0201562 0.0268817 0.0065035 0.0129928 0.0126291
0.0412185 0.1763983 0.1232076 0.0999102 0.3136194 0.0425626 0.0025668 0.0309139 0.0127866 0.064068 0.0008818 0.1514334 0.0012913 0.033154 0.0034486 0.0600357 0.0111017 0.0210573 0.0039997
0.0201612 0.7542045 0.1196234 0.0940858 0.0591397 0.0497311 0.0003307 0.0394264 0.0057949 0.0461469 0.0085821 0.0474909 0.00822 0.0232974 0.0075901 0.032258 0.0007244 0.0210573 0.0923249
0.0564515 0.1087963 0.1021503 0.0922937 0.1765229 0.0775088 0.0023148 0.0349462 0.0025353 0.0600357 0.0007874 0.0264336 0.0007401 0.097222 0.0011495 0.1263438 0.0114481 0.0089606 0.0945137
0.1805552 0.0419344 0.0443547 0.5792998 0.1402327 0.0470429 0.0015432 0.0672042 0.0017164 0.0506271 0.0075428 0.0201612 0.0033384 0.0385304 0.0173532 0.0533153 0.0105978 0.4448915 0.0359033
0.1370965 0.0114638 0.0434587 0.2043006 0.0609318 0.0304659 0.0014172 0.0394264 0.0006299 0.0232974 0.1132212 0.033154 0.0008661 0.0282257 0.0114481 0.0707884 0.0070074 0.0107527 0.008157
0.0604837 0.1029856 0.0743726 0.8158584 0.0394264 0.0371863 0.0172745 0.469085 0.0087554 0.2302862 0.0007559 0.0376343 0.0010708 0.0286738 0.0024723 0.0313619 0.006598 0.0636199 0.0075743
0.0201612 0.0479655 0.356182 1.3709647 0.177867 0.0232974 0.021353 0.2240138 0.0066767 0.0698923 0.011826 0.3700709 0.0063303 0.1496412 0.0010551 0.1335122 0.005291 0.0358422 0.0261873
0.064516 0.148715 0.1357524 0.032706 0.080197 0.0295698 0.0044092 0.0358422 0.0070862 0.0663081 0.0308957 0.048835 0.0144085 0.03181 0.0127079 0.048387 0.0014645 0.1689064 0.0197468
0.1733867 0.2187736 0.1415767 0.0313619 0.1962361 0.0698923 0.0026927 0.032706 0.0127394 0.0201612 0.0007716 0.0201612 0.0020156 0.0707884 0.0050705 0.0201612 0.0202192 0.0300179 0.0174635
0.0201612 0.0065823 0.566307 0.2840495 0.1272399 0.0201612 0.0005039 0.0286738 0.0145975 0.0452508 0.0020156 0.0385304 0.0014172 0.0201612 0.0037478 0.0259856 0.0136054 0.0237455 0.0015275
0.2155013 0.1440382 0.064068 0.047939 0.129928 0.0286738 0.0022833 0.1272399 0.1393456 0.0282257 0.0055745 0.1272399 0.0029132 0.0304659 0.0013228 0.0376343 0.0194633 0.0107527 0.0908132
0.0667561 0.0258724 0.0869174 0.065412 0.0353942 0.0349462 0.0595396 0.0452508 0.0021888 0.0775088 0.001433 0.0412185 0.0251953 0.0201612 0.002803 0.0922937 0.0415092 0.0286738 0.0522172
1.9659454 0.0285179 0.3848558 0.064516 0.1097668 0.0878134 0.004236 0.0416666 0.0433516 0.1151431 0.0029919 0.0259856 0.0326909 0.0232974 0.0040312 0.1657702 0.0498866 0.0376343 0.0122512
1.0784026 0.0111804 0.0295698 0.1957881 0.0367383 0.0913976 0.0017794 0.0591397 0.0057792 0.0201612 0.017369 0.0873654 0.0046611 0.0824371 0.021101 0.0891575 0.0967656 0.0295698 0.0348954
0.1223116 0.0528313 0.3543899 0.0927417 0.0931898 0.0963259 0.0335254 0.0295698 0.0033856 0.032258 0.0058736 0.0232974 0.0003307 0.0922937 0.0156053 0.049283 0.0014015 0.0273297 0.0571303
0.2437271 0.0030864 0.7240127 0.0542113 0.4623646 0.0586916 0.0007086 0.0201612 0.001118 0.0416666 0.0031494 0.048835 0.009275 0.0586916 0.0250535 0.0833331 0.0011653 0.0349462 0.0529258
0.2213257 0.0715231 0.2168454 0.1482972 0.0425626 0.0564515 0.0009606 0.0232974 0.0038265 0.0766127 0.002866 0.0201612 0.0028187 0.6299269 0.1659108 0.0524192 0.0389109 0.1034944 0.0018739
0.0264336 0.3844077 0.0842292 0.0403225 0.0412185 0.0255574 0.0201612 0.0143928 0.0618278 0.0112119 0.5654109 0.0112591 0.0232974 0.0037635 0.0286738 0.0419659 0.0515232 0.007842
0.0528673 0.0439067 0.0259856 0.0784048 0.0891575 0.0022361 0.0416666 0.0081727 0.0416666 0.0185343 0.0201612 0.0040627 0.0362902 0.0233529 0.1577057 0.0671611 0.0667561 0.104828
0.0259856 0.6810021 0.5600346 0.0510752 0.0201612 0.0041415 0.0259856 0.0030864 0.0537633 0.0048973 0.1751788 0.0203452 0.0259856 0.0035273 0.0452508 0.0612875 0.016129 0.0004409
0.3194437 0.146505 0.1344083 0.032258 0.0232974 0.0007401 0.0376343 0.0605159 0.0434587 0.0027872 0.0560035 0.0017322 0.0501791 0.0050391 0.0201612 0.0140621 0.0456988 0.0034014
0.3660386 0.258512 0.0766127 0.0761647 0.0250895 0.0075586 0.0201612 0.0008818 0.0609318 0.0048816 0.1886197 0.0090073 0.0201612 0.0016692 0.1603939 0.0282344 0.0237455 0.005354
0.3705189 0.3543899 0.0264336 0.2616482 0.0201612 0.0038738 0.0909496 0.0020471 0.1088707 0.007842 0.0448028 0.0019841 0.4870061 0.0029919 0.1500893 0.037163 0.4672929 0.021416
0.1908598 0.1191754 0.0721325 0.0282257 0.0398745 0.0385488 0.047939 0.0013385 0.0551074 0.0102671 0.0336021 0.0081885 0.1034944 0.0058264 0.0232974 0.0190382 0.0784048 0.0457137
0.0586916 0.0600357 0.2782252 0.0663081 0.049283 0.0019684 0.0394264 0.0509574 0.1214155 0.0008188 0.0259856 0.0084404 0.1209675 0.0057004 0.080197 0.006661 0.0188172 0.2871945
0.3539419 0.1581538 0.1724907 0.0743726 0.0371863 0.0432886 0.0259856 0.00137 0.0259856 0.0124717 0.0730285 0.0068027 0.0232974 0.0026298 0.1581538 0.001181 0.0770608 0.0057634
0.1814512 0.0766127 0.1836913 0.0900536 0.0465949 0.0116056 0.0304659 0.0023463 0.049283 0.0095112 0.0425626 0.0071964 0.0313619 0.0046611 0.0828851 0.0009606 1.1680081 0.0437925
0.1706985 0.0286738 0.0295698 0.1111109 0.0407705 0.0069917 0.0855733 0.055902 0.0412185 0.0098419 0.0201612 0.0013542 0.048835 0.0030234 0.0286738 0.0039683 0.016129 0.0003307
0.5103035 0.8297473 0.047939 0.0672042 0.1088707 0.0084089 0.0461469 0.0034958 0.0716844 0.1541635 0.0412185 0.0006771 0.0546594 0.0026612 0.1178313 0.0087868 0.0089606 0.0352104
0.16129 0.9534029 0.0367383 0.0470429 0.0358422 0.0006456 0.0582436 0.0061256 0.1720426 0.0033699 0.0250895 0.0127079 0.0201612 0.0046454 0.0622758 0.0042832 0.0246415 0.0370213
0.0259856 0.9699799 0.0577956 0.4663968 0.032706 0.0059209 0.2446231 0.0018424 0.0250895 0.006724 0.2876338 0.0056689 0.0609318 0.0050076 0.0515232 0.1870118 0.1648742 0.0062988
0.0739246 0.2025085 0.0524192 0.0577956 0.064068 0.0023463 0.0353942 0.0045824 0.0264336 0.0044564 0.0268817 0.0056374 0.0439067 0.020109 0.1267918 0.0971907 0.0896055 0.005291
0.2038526 0.2777772 0.0291218 0.0232974 0.0416666 0.0033069 0.032258 0.0023306 0.0376343 0.007716 0.0568995 0.0082672 0.080645 0.0026455 0.0268817 0.0432099 0.0295698 0.0023463
0.1039424 0.7589589 0.1164872 0.0595877 0.0376343 0.0065035 0.2844976 0.0140464 0.0681002 0.0368638 0.0533153 0.0050863 0.03181 0.0147077 0.0604837 0.0283289 0.0546594 0.1366528
0.8113781 0.3602142 0.0268817 0.1155911 0.0389784 0.0025038 0.065412 0.0016534 0.0286738 0.0046926 0.0201612 0.0090703 0.0201612 0.0034801 0.0439067 0.0010708 0.0147849 0.0029132
0.0430107 0.1245517 0.0595877 0.0627239 0.0546594 0.0074483 0.0201612 0.0025668 0.0349462 0.0025038 0.0681002 0.0049446 0.080645 0.0013542 0.3333326 0.0122827 0.0954299 0.0228175
0.0855733 0.0752686 0.2302862 0.0501791 0.0461469 0.0084877 0.0295698 0.0128023 0.0448028 0.0010865 0.0295698 0.0010551 0.1021503 0.0017952 0.0232974 0.062311 0.0551074 0.0044564
0.1187273 0.0542113 0.2670245 0.0443547 0.0250895 0.0064563 0.0201612 0.0018267 0.0336021 0.0137944 0.0232974 0.0043777 0.0201612 0.0124244 0.0232974 0.0242662 0.0098566 0.179658
0.0546594 0.0295698 0.1662183 0.1173833 0.0604837 0.005102 0.0232974 0.0075271 0.2298382 0.0037006 0.0631719 0.0066925 0.0376343 0.0030234 0.1021503 0.0618229 0.080197 0.0120465
0.0215053 0.307347 0.0250895 0.1187273 0.0465949 0.0085034 0.1097668 0.0034643 0.113351 0.0310217 0.0819891 0.0128338 0.0730285 0.021542 0.0425626 0.0088656 0.0103046 0.0672241
0.0232974 0.0573475 0.0878134 0.1805552 0.0353942 0.0146447 0.0860213 0.0041257 0.0344981 0.0012913 0.0201612 0.018613 0.0201612 0.0012283 0.0201612 0.0430839 0.0219534 0.0820421
0.0882615 0.1644262 0.0604837 0.1429208 0.0201612 0.0118733 0.2558238 0.0014802 0.0851253 0.0031179 0.033154 0.0231481 0.0201612 0.0241245 0.1953401 0.0223765 0.0179211 0.0449263
0.5739234 0.0757167 0.0542113 0.0201612 0.0201612 0.0185658 0.0681002 0.0043304 0.0465949 0.0032124 0.0232974 0.0014172 0.0201612 0.0067712 0.1008062 0.0027715 0.0340501 0.0386747
0.1362004 0.3902321 0.2038526 0.1043904 0.0291218 0.0281085 0.0909496 0.0012755 0.0250895 0.0017164 0.0201612 0.0025825 0.0313619 0.0592876 0.0201612 0.0390842 0.0568995 0.0148337
0.081541 0.1953401 0.0999102 0.0201612 0.0622758 0.0133062 0.0304659 0.0010236 0.0295698 0.0009606 0.0564515 0.0003307 0.2356626 0.0073854 0.0282257 0.0620276 0.0210573 0.0017794
0.0551074 0.064964 0.2038526 0.1832433 0.1142471 0.0251165 0.0739246 0.0081255 0.4435474 0.003921 0.0376343 0.0022361 0.3382609 0.0022518 0.0286738 0.0053382 0.0367383 0.0167549
0.129032 0.0362902 0.0537633 0.0609318 0.0510752 0.0010865 0.048387 0.0786407 0.0573475 0.0003149 0.0371863 0.0074011 0.0259856 0.010708 0.0739246 0.1819098 0.0206093 0.2828956
0.0582436 0.2334224 0.3194437 0.0994621 0.3006266 0.0017164 0.0766127 0.001307 0.0672042 0.0080467 0.0403225 0.0023621 0.1164872 0.004236 0.0349462 0.0274471 0.145161 0.0285336
0.0371863 0.0201612 0.0232974 0.1362004 0.0685482 0.0139519 0.0295698 0.0006614 0.0264336 0.0170068 0.0443547 0.0007401 0.03181 0.006661 0.0201612 0.0682792 0.016577 0.023967
0.0407705 0.9215929 0.1724907 0.0385304 0.0268817 0.0042517 0.0201612 0.0017322 0.0264336 0.0234631 0.0232974 0.0008818 0.0658601 0.0170698 0.0264336 0.0518235 0.0201612 0.0005669
0.0201612 0.1478491 0.1097668 0.0465949 0.0201612 0.0034014 0.0560035 0.0036533 0.0232974 0.0035588 0.032706 0.0040155 0.0600357 0.003732 0.0577956 0.0028975 0.0412185 0.1221655
0.5107515 0.0286738 0.0694443 0.1684584 0.0259856 0.0015432 0.1048385 0.0213687 0.0313619 0.0279352 0.032258 0.0010236 0.0201612 0.0146762 0.0371863 0.0055272 0.0609318 0.0217467
0.0573475 0.6711455 0.1034944 0.0515232 0.0703403 0.0004094 0.0676522 0.0128338 0.048387 0.0004094 0.0663081 0.0153849 0.0336021 0.001181 0.1030464 0.0102671 0.0192652 0.0088183
0.0448028 0.1550176 0.1796591 0.1146951 0.1532255 0.0020314 0.0286738 0.0758535 0.0994621 0.0066925 0.0403225 0.0007559 0.0748206 0.0021888 0.0201612 0.0138102 0.0340501 0.0329428
0.1384406 0.0981181 0.0698923 0.0430107 0.2065408 0.0096529 0.0259856 0.0031809 0.0201612 0.0051808 0.032706 0.0066925 0.0201612 0.0039997 0.0268817 0.0019211 0.0398745 0.0570358
0.1756268 0.8077939 0.0734765 0.0309139 0.0286738 0.0053225 0.1671143 0.0007244 0.0201612 0.0081727 0.0250895 0.0051178 0.0618278 0.0019684 0.1241037 0.1531242 0.1196234 0.1789651
0.0201612 0.1017023 0.0954299 0.1003582 0.0456988 0.0044564 3.1953334 0.0261873 0.0421146 0.0111332 0.0788529 0.0022518 0.0860213 0.0012755 0.0295698 0.0053855 0.0524192 0.0009448
0.4946226 0.0465949 0.3978486 0.0295698 0.0162667 0.0201612 0.0015432 0.1057345 0.0414305 0.0524192 0.0036533 0.033154 0.0008031 0.0434587 0.0285651 0.0470429 0.0379031
0.1711466 0.1805552 0.0394264 0.0291218 0.0014802 0.0905016 0.0149124 0.0367383 0.0213215 0.0232974 0.0064563 0.0573475 0.001244 0.0784048 0.1616276 0.0210573 0.0009921
0.2338704 0.2674725 0.0519712 0.0909496 0.0042989 0.0259856 0.006472 0.0259856 0.0115268 0.0994621 0.0031652 0.0232974 0.0388007 0.0689963 0.1198035 0.0232974 0.009401
0.0506271 0.0752686 0.0568995 0.0439067 0.0174635 0.0380824 0.0011023 0.1514334 0.0008661 0.0367383 0.006724 0.1523294 0.009275 0.1178313 0.0017164 0.0224014 0.0028345
0.1169352 0.0676522 0.0600357 0.0313619 0.0015747 0.0201612 0.001118 0.0295698 0.0045981 0.0232974 0.0051493 0.1317201 0.0167863 0.0452508 0.0037163 0.0098566 0.0025353
0.0443547 0.3906801 0.1120069 0.0201612 0.001433 0.113799 0.0010865 0.0824371 0.0015747 0.0367383 0.0031022 0.0604837 0.0111647 0.0201612 0.0012125 0.0282257 0.0777589
0.1447129 0.1308241 0.2231178 0.0376343 0.0018739 0.1012543 0.0045351 0.0264336 0.0016849 0.0295698 0.0072594 0.0362902 0.0061728 0.065412 0.0069444 0.016577 0.0212113
0.0582436 0.1362004 0.1191754 0.1111109 0.0034014 0.0201612 0.0003307 0.0259856 0.0050548 0.0528673 0.0141251 0.0277777 0.0072279 0.2137092 0.00137 0.1805552 0.1093632
0.2638883 0.0689963 0.0860213 0.0927417 0.0120465 0.033154 0.0048186 0.0201612 0.0010236 0.1335122 0.0112749 0.0636199 0.0026455 0.0232974 0.0096057 0.6783139 0.0178414
0.4825258 0.0304659 0.097222 0.0936378 0.0156683 0.0542113 0.0018896 0.3938163 0.0014802 0.0797489 0.0014015 0.0443547 0.3128779 0.0201612 0.0505322 0.0510752 0.423989
0.0439067 0.1052865 0.03181 0.0201612 0.0011653 0.0371863 0.0009291 0.0201612 0.0022046 0.0721325 0.007968 0.1142471 0.0141566 0.0358422 0.0011968 0.0416666 0.0188807
0.0676522 0.5622747 0.1769709 0.0421146 0.0070074 0.03181 0.0003307 0.033154 0.0003307 0.0775088 0.006661 0.0201612 0.0068657 0.0676522 0.0142826 0.0681002 0.2045383
0.2213257 0.1155911 0.0667561 0.0201612 0.0131803 0.0250895 0.0100781 0.0362902 0.0068185 0.4637086 0.0023148 0.0770608 0.0026927 0.0201612 0.0179044 0.0197132 0.0017637
0.2862897 0.0604837 0.0416666 0.1241037 0.0073696 0.0232974 0.0017479 0.0443547 0.0031337 0.0232974 0.0009921 0.1021503 0.0224395 0.0264336 0.2193878 0.0515232 0.0019211
0.1070786 0.0259856 0.1841394 0.0353942 0.0031337 0.0201612 0.0302816 0.0259856 0.0109127 0.047939 0.0061413 0.0698923 0.0005669 0.0277777 0.0188807 0.0210573 0.1550454
0.0201612 1.0672019 0.0461469 0.0232974 0.0044879 0.032258 0.0117001 0.0304659 0.0038423 0.0362902 0.0064248 0.0201612 0.010771 0.0201612 0.0186917 0.1017023 0.0015747
0.064068 0.0358422 0.1326162 0.0362902 0.0004409 0.1518814 0.0030549 0.0358422 0.0202349 0.0591397 0.0004094 0.12948 0.0009448 0.0201612 0.0607678 0.1362004 0.0694917
0.7370055 0.0264336 0.0595877 0.0313619 0.0009291 0.0201612 0.0161092 0.0259856 0.0025668 0.032258 0.0157785 0.0349462 0.0076373 0.1505373 0.0896007 0.0537633 0.0091175
0.0779568 0.0295698 0.0349462 0.0201612 0.0073066 0.0264336 0.0033699 0.0519712 0.0128653 0.178315 0.0207546 0.0232974 0.0035588 0.0703403 0.0026927 0.0412185 0.0391314
0.2997305 0.0295698 0.0873654 0.0591397 0.0277463 0.0201612 0.0186602 0.0421146 0.0062831 0.0264336 0.0225025 0.1505373 0.0066925 0.0201612 0.0028817 0.1630821 0.0067397
0.048835 0.1550176 0.1236556 0.0232974 0.0009448 0.0201612 0.0054957 0.1594979 0.0036061 0.0201612 0.0058736 0.049283 0.0035273 0.0470429 0.0164714 0.0501791 0.0209908
0.0232974 0.0282257 0.2544797 0.3476695 0.0088183 0.0232974 0.0092908 0.1577057 0.0089601 0.0430107 0.0048186 0.1106628 0.0076373 0.0577956 0.0035746 0.0089606 0.053351
0.0931898 0.0232974 0.0922937 0.0412185 0.0029289 0.0353942 0.0045509 0.0721325 0.0189594 0.0439067 0.0057792 0.1093188 0.0010078 0.3736551 0.0320767 0.0246415 0.0898998
0.1536735 0.0421146 0.0358422 0.0282257 0.0167076 0.0474909 0.0028345 0.0259856 0.0017007 0.162634 0.0053068 0.064516 0.0231167 0.0295698 0.0091333 0.032706 0.0139046
0.0519712 0.0631719 0.0380824 0.0757167 0.0033856 0.0353942 0.0030234 0.0398745 0.0115268 0.0201612 0.0020944 0.0528673 0.0015747 0.0336021 0.0030077 0.0138889 0.0665942
1.9959633 0.1308241 0.2446231 0.0295698 0.0006614 0.0367383 0.0083144 0.0837812 0.0036533 0.0201612 0.0047556 0.3346767 0.0040785 0.032706 0.0159832 0.0089606 0.0168651
0.1236556 0.2558238 0.1326162 0.0259856 0.0015747 0.0358422 0.0042989 0.0681002 0.0363284 0.048387 0.0151329 0.033154 0.0019684 0.4090493 0.0103773 0.065412 0.0057004
0.0250895 0.0385304 0.0936378 0.064516 0.002488 0.0300179 0.004173 0.0291218 0.0014487 0.1115589 0.0071334 0.0551074 0.0006299 0.129928 0.0141251 0.0188172 0.0911911
0.1514334 0.1693545 0.259408 0.0349462 0.0016377 0.0295698 0.0074326 0.0533153 0.0050705 0.1151431 0.002866 0.0398745 0.0014172 0.0672042 0.1890117 0.0197132 0.0084877
0.048387 0.1792111 0.0197132 0.0340501 0.0005984 0.0533153 0.004173 0.0259856 0.007905 0.0851253 0.0123772 0.0282257 0.009464 0.0465949 0.0492882 0.0147849 0.0639802
0.0564515 0.0542113 0.2679205 0.0595877 0.0008031 0.0949819 0.0116371 0.0627239 0.037478 0.0340501 0.0017322 0.1285839 0.0033384 0.0828851 0.0174162 0.0663081 0.0007401
0.0734765 0.3956084 0.1747308 0.0416666 0.0047556 0.0201612 0.0020156 0.048387 0.0016692 0.0201612 0.0004882 0.1922039 0.0064878 0.0268817 0.0421233 0.0143369 0.0021888
0.0201612 0.0201612 0.1706985 0.178315 0.0017637 0.0524192 0.0054957 0.0766127 0.0009291 0.0407705 0.030439 0.178763 0.0379819 0.0344981 0.0274156 0.0873654 0.0200302
0.3136194 0.0277777 0.0291218 0.0304659 0.0012598 0.0201612 0.014377 0.0533153 0.005165 0.0407705 0.0028817 0.0362902 0.0004094 0.097222 0.1348419 0.0098566 0.1080089
0.4090493 0.0564515 0.0497311 0.0201612 0.0135897 0.0403225 0.1363851 0.0367383 0.0118575 0.0232974 0.0168651 0.0515232 0.0125031 0.2123651 0.006535 0.0443547 0.0150227
0.0344981 0.3633504 0.2818094 0.0439067 0.0029289 0.0336021 0.0099049 0.0286738 0.001181 0.0201612 0.030754 0.0582436 0.0025825 0.0201612 0.0474301 0.0981181 0.1266377
0.2719528 0.0232974 0.0573475 0.065412 0.0043462 0.0779568 0.0169753 0.0627239 0.0049918 0.0739246 0.0028502 0.0725805 0.0018739 0.0470429 0.0187862 0.0206093 0.0424855
0.0452508 0.0421146 0.1249997 0.0945338 0.0244394 0.0268817 0.0142353 0.0797489 0.0022518 0.064964 0.0087081 0.0232974 0.017306 0.1057345 0.2404415 0.1276879 0.0710506
0.5080634 0.113351 0.2361106 0.0474909 0.0033699 0.0201612 0.0077475 0.0259856 0.0419659 0.0591397 0.0031494 0.1232076 0.0029604 0.0990141 0.0017322 0.0412185 0.0141251
0.0560035 0.3042108 0.2956983 0.0519712 0.0005354 0.0833331 0.0026298 0.0259856 0.0081097 0.1375445 0.0153849 0.0201612 0.0275101 0.0376343 0.0102513 0.0344981 0.0036691
0.0232974 0.3163075 0.0201612 0.1155911 0.0033384 0.0201612 0.0009921 0.5940847 0.001496 0.0232974 0.002551 0.1088707 0.005102 0.0456988 0.0021101 0.1581538 0.0757748
Appendices
A-22
Northern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone
continued… 161-2-B(21) A continued… 161-2-B(21) B
scan 25x scan 25x scan scan scan scan scan scan scan scan 25x scan 25x scan 25x
0.0250895 0.0047871 0.2060927 0.0058579 0.0232974 0.0241935 0.1079747 2.3418406 0.4565402 0.1317201 0.0309139 0.1097668 0.0622953 0.3172036 0.0296202 0.0170251 0.018424
0.0138889 0.0593978 0.0336021 0.11056 0.0098566 0.2831535 0.146057 0.0421146 0.081541 0.0819891 0.307795 0.048835 0.0024723 0.0367383 0.0116686 0.0241935 0.0786407
0.0188172 0.0154636 0.0098566 0.1745087 0.113799 0.0398745 0.0430107 0.1267918 0.1043904 0.1052865 0.0143369 0.0412185 0.0320137 0.9260732 0.0195106 0.0407705 0.0126921
0.1021503 0.0617284 0.0456988 0.0031494 0.1178313 0.0425626 0.0089606 0.0098566 0.0273297 0.0224014 0.0098566 0.0412185 0.1928855 0.0349462 0.3867001 0.3624544 0.0048186
0.0152329 0.0021731 0.03181 0.0054485 0.0147849 0.2844976 0.1102148 0.0349462 0.145161 0.4059131 0.0143369 0.0622758 0.1704302 0.5134397 0.0703735 0.1344083 0.0551619
0.0237455 0.0008031 0.0219534 0.0022833 0.0528673 0.0353942 0.0219534 0.09767 0.0833331 0.0456988 0.0685482 0.0949819 0.0081412 0.1586018 0.2820767 0.1500893 0.0129441
0.1711466 0.0056059 0.0990141 0.0111961 0.0143369 0.0188172 0.8485644 0.1509853 0.2060927 0.0206093 0.0174731 0.2813614 0.0399187 0.1590498 0.0325334 0.064964 0.0121252
0.0129928 0.0643424 0.0461469 0.0472096 0.0192652 0.0125448 0.0819891 0.0107527 0.015681 0.0174731 0.2374547 0.0689963 0.0220144 0.0179211 0.0607363 0.0295698 0.2214821
0.0909496 0.0896951 0.0116487 0.0563272 0.1079747 0.6832422 0.0896055 0.0887095 0.0147849 0.0340501 0.0891575 0.0990141 0.0548942 0.0658601 0.0023306 0.3848558 0.0076688
0.0179211 0.013196 0.0681002 0.2294659 0.0246415 0.0618278 0.0380824 0.0985661 0.0600357 0.0107527 0.1393366 0.0192652 0.0020314 0.0416666 0.0100466 1.1585996 0.0244866
0.0891575 0.0164714 0.0685482 0.0033226 0.0125448 0.0851253 0.015681 0.0125448 0.0752686 0.2190855 0.0134408 0.113351 0.0180619 0.1545695 0.0153849 0.0259856 0.1284171
0.0582436 0.1404478 0.0340501 0.0658226 0.0421146 0.1509853 0.0309139 0.0268817 0.1706985 0.0129928 0.2970423 0.0259856 0.3479781 0.0981181 0.0731765 0.1236556 0.0341553
0.0456988 0.0662478 0.0403225 0.1854056 0.0237455 0.047939 0.0837812 0.0376343 0.0170251 1.2638861 0.0304659 0.064964 0.118591 0.047939 0.0541068 0.1214155 0.0339191
0.033154 0.014692 0.0224014 0.1445106 0.0551074 0.0340501 0.2800173 0.0465949 0.0219534 0.0394264 0.0591397 0.0470429 0.2106796 0.1545695 0.365914 0.0152329 0.018487
0.1326162 0.0258724 0.015681 0.028077 0.1088707 2.7602985 0.0613798 0.0116487 0.1191754 0.0622758 0.032258 0.3431892 0.0164399 0.0282257 0.0483907 0.0851253 0.0333365
0.3252681 0.1595018 0.0300179 0.0572247 0.015681 0.0094086 0.0134408 0.0586916 0.0860213 0.2504475 0.0098566 0.1241037 0.183453 0.0416666 0.0674761 0.0582436 0.0301713
0.0129928 0.0003307 0.0103046 0.0101096 0.2060927 0.0134408 0.0089606 0.0197132 0.0237455 0.2773291 0.1034944 0.0546594 0.0549414 0.0954299 0.14492 0.0129928 0.0089128
0.2284941 0.0259984 0.2114691 0.0065035 0.0631719 0.0797489 0.1980282 0.0170251 0.0112007 0.0730285 1.1872733 0.0537633 0.006598 0.016577 0.0810185 0.2047486 0.0662478
0.0147849 0.0325019 0.0224014 0.0238883 0.1715946 0.033154 0.0098566 0.0340501 0.0421146 0.0250895 0.3803755 0.0309139 0.1268267 0.0448028 0.0272424 0.3319885 0.0258566
0.0112007 0.0518393 0.0125448 0.0009448 0.0103046 0.0465949 0.0766127 0.0963259 0.3615583 0.03181 0.0385304 0.3745511 0.0750189 0.0286738 0.0105663 0.0201612 0.0704365
0.1043904 0.0182508 0.0439067 0.0005984 0.1496412 0.0116487 0.0103046 0.0448028 0.0721325 0.0174731 0.0828851 0.0264336 0.0105505 0.16129 0.0045194 0.0170251 0.9006362
0.0215053 0.0003307 0.1792111 0.0148337 0.0098566 0.0089606 0.0304659 0.177419 0.0286738 0.1630821 0.0116487 0.0497311 0.0060469 0.3642465 0.0184713 0.1733867 0.0161722
0.0430107 0.0814122 0.0309139 0.1370965 0.0613798 0.0344981 0.1698025 0.2065408 0.0201612 0.0152329 0.0667561 0.1008755 0.0533153 0.2208776 0.0254315
0.0246415 0.0139991 0.081541 0.1657702 0.1317201 0.0524192 0.0232974 0.0380824 0.1191754 0.2629922 0.1491932 0.0444854 0.1680104 0.324372 0.0300768
0.048387 0.0039997 0.1048385 0.0138889 0.0828851 0.1362004 0.209677 0.0098566 0.0152329 0.016129 0.0474909 0.0091648 0.0860213 0.1160392 0.1922399
0.0712364 0.0032439 0.0434587 0.0192652 0.1559136 0.1326162 0.0389784 0.1218635 0.0286738 0.0129928 0.0595877 0.0079523 0.048835 0.0179211 0.0070547
0.0448028 0.2306784 0.032258 0.0833331 0.0255376 0.1706985 0.0595877 0.1241037 0.0551074 0.0349462 0.0107527 0.2016723 0.0138889 0.9018797 0.0232426
0.0179211 0.0033541 0.0510752 0.0385304 0.0421146 0.0152329 0.1415767 21.472622 0.0273297 0.09767 0.0304659 0.0373992 0.0582436 0.0268817 0.0368323
0.0152329 0.0018267 0.0129928 0.0743726 0.0389784 0.0940858 0.0474909 0.016577 0.1518814 0.0501791 0.0730285 0.0498236 0.3494616 0.0349462 0.299178
0.0129928 0.2471655 0.0174731 0.9986537 0.0631719 0.1715946 0.0703403 0.0842292 0.1021503 0.0268817 0.1182793 0.0230852 0.0474909 0.0591397 0.0354151
0.015681 0.1608403 0.0094086 0.0524192 0.0250895 0.0398745 0.0828851 0.7482062 0.0089606 0.0752686 0.2441751 0.0022203 0.0519712 0.049283 0.0034643
0.0125448 0.1202759 0.0627239 0.1362004 0.0201612 0.0201612 0.0286738 0.0797489 0.0179211 0.0228494 0.0425626 0.0023621 0.0250895 0.1209675 0.0273526
0.0734765 0.0038423 0.1330642 0.3328846 0.2132612 0.0241935 0.016129 0.0748206 0.0219534 0.0188172 0.0721325 0.0525794 0.0129928 0.0855733 0.0035746
0.145609 0.0013228 0.0103046 0.0273297 0.0577956 0.0103046 0.0268817 0.0138889 0.0120967 0.1420248 0.0376343 0.1688398 0.080645 0.4117374 0.14218
0.0309139 0.0006614 0.033154 0.0286738 0.0215053 0.0309139 0.0246415 0.0555554 0.0842292 0.1034944 0.0497311 0.0243449 0.0309139 0.3391569 0.0259511
0.065412 0.0031966 0.0528673 0.0206093 0.1160392 0.0353942 0.0775088 0.0138889 0.0273297 0.09767 0.1263438 0.0155266 0.1393366 0.0344981 0.0095899
0.032706 0.0048501 0.064068 0.0089606 0.2571679 0.0219534 0.0613798 0.1742828 0.0609318 0.0295698 0.0224014 0.0442177 0.0613798 0.0259856 0.0322184
0.4816297 0.0092593 0.0336021 0.2495514 0.0403225 0.1339603 0.0206093 0.1223116 0.0349462 0.0931898 0.1200714 0.010897 0.0273297 0.3593182 0.0709404
0.0309139 0.4139582 0.306899 0.0461469 0.5680991 0.0215053 0.3660386 0.0448028 0.0215053 0.0470429 0.0349462 0.1316138 0.1769709 0.0309139 0.0402652
0.0846772 0.0980568 0.0103046 0.1447129 0.033154 0.0873654 0.0250895 0.0089606 0.0510752 0.0147849 0.1886197 0.0025668 0.0138889 0.2898739 0.0042202
0.1043904 0.126244 0.1357524 0.032258 0.0089606 0.016129 0.047939 0.0174731 0.4422033 0.049283 0.1895157 0.0539809 0.0689963 0.3355727 0.0091175
0.0385304 0.2342372 0.404121 0.0197132 0.0367383 0.0779568 0.0107527 0.0224014 0.0152329 0.0533153 0.016577 0.0430682 0.90636 0.0112007 0.0034486
0.1084227 0.0970962 0.0174731 0.0103046 0.1034944 0.0739246 0.033154 0.0533153 0.0237455 0.0309139 0.4014328 0.0356041 0.0125448 0.3391569 0.0816327
0.0201612 0.025337 0.0246415 0.0228494 0.0206093 0.0309139 0.0277777 0.0210573 0.064516 0.0134408 0.0170251 0.011952 0.1469531 0.2867377 0.0079523
0.0560035 0.0030234 0.2002684 0.1366484 0.0725805 0.0174731 0.0407705 0.0094086 0.1348563 0.0264336 0.0546594 0.0124559 0.1957881 0.1088707 0.0140149
0.0174731 0.037037 0.015681 0.0201612 0.03181 0.2988345 0.0120967 0.0434587 0.1747308 0.1182793 0.0900536 0.1441641 0.1541215 0.0210573 0.9020534
0.0896055 0.0662478 0.0560035 0.0089606 0.2370066 0.1057345 0.1039424 0.0389784 0.0452508 0.1012543 0.0918457 0.0048343 0.016129 0.4811817 0.2706916
0.0094086 0.0388322 0.3257161 0.0129928 0.0268817 0.0999102 0.1429208 0.0416666 0.0344981 0.2535837 0.0725805 0.0683579 0.4977587 0.032258 0.0373047
0.0098566 0.1588246 0.1550176 0.0470429 0.1075266 0.0197132 0.0358422 0.5224003 0.1572577 0.2280461 0.0577956 0.1307634 0.3086911 1.2432768 0.0390842
0.1097668 0.0100781 0.1765229 0.8996396 0.0125448 0.0519712 0.1093188 0.0241935 0.0147849 0.0107527 0.1155911 0.0065035 0.1662183 0.3696228 0.0195106
0.2226698 0.3484347 0.0179211 0.03181 0.0291218 0.0089606 0.0138889 0.0922937 0.0667561 0.1025983 0.0542113 0.0017164 0.0394264 0.0250895 0.3353962
0.3682787 0.1659108 0.0681002 0.0582436 0.0380824 0.0125448 0.0304659 0.3118273 0.0353942 0.0259856 0.0206093 0.0497134 0.0694443 0.0103046 0.0592089
0.016129 0.0164557 0.0936378 0.0681002 0.064068 0.1339603 0.0147849 0.3691748 0.0313619 0.2168454 0.1379925 0.0118575 0.1635301 0.0120967 0.0664525
0.0125448 0.3281683 0.0170251 0.0586916 0.0250895 0.016577 0.2499994 0.0864693 0.0210573 0.0232974 0.2661284 0.0444854 0.1603939 0.0582436 0.0073696
0.0425626 0.0076058 0.0291218 0.064964 0.0147849 0.0094086 0.0456988 0.2903219 0.048387 0.080197 0.3709669 0.0420603 0.1765229 0.826163 0.0309902
0.0586916 0.0005354 0.0380824 0.1760749 0.0430107 0.0197132 0.0143369 0.0259856 0.1330642 0.0170251 0.0134408 0.0431154 0.1881716 0.1088707 0.0116056
0.047939 0.354954 0.0143369 0.0456988 0.0098566 0.0443547 0.0519712 0.0716844 0.0192652 0.9789405 0.0286738 0.2220175 0.1241037 0.1550176 0.0018896
0.0179211 0.0932382 0.0931898 0.857973 0.0259856 0.0282257 0.518816 0.0228494 0.0174731 0.080645 0.2777772 0.1194413 0.1164872 0.0246415 0.0705467
0.065412 0.0009763 0.0349462 0.3920242 0.8149623 0.2768811 0.03181 0.0474909 0.0112007 0.0224014 0.0107527 0.0718852 0.1151431 0.502687 0.1590608
0.1917558 0.1658163 0.0784048 0.0891575 0.064068 0.0940858 0.0143369 0.1169352 0.0336021 0.2329744 0.0528673 0.0048343 0.0887095 0.0470429 0.0605159
0.0277777 0.0175265 0.1823473 0.2513435 0.4619165 0.0192652 0.0237455 0.0120967 0.0586916 0.0192652 0.1684584 0.1367473 0.1169352 0.016129 0.1600372
0.032258 0.5036061 0.1868275 0.048387 0.0147849 0.1823473 0.0103046 0.0448028 0.0147849 0.0103046 0.1572577 0.0264393 0.0434587 0.1796591 0.0057949
0.0362902 0.1824609 0.1720426 0.033154 0.0734765 0.0846772 0.0129928 0.0170251 0.032706 0.0107527 0.1276879 0.2711325 0.113351 0.0927417 0.0420288
0.0833331 0.0490363 0.0524192 0.0474909 0.0228494 0.0129928 0.0349462 0.1021503 0.016577 0.0259856 0.0519712 0.014692 0.0981181 0.0116487 0.0272266
0.0197132 0.2290564 4.6724806 0.0434587 0.0600357 0.0143369 0.0170251 0.0103046 1.6554623 0.1043904 0.0358422 0.046501 0.0376343 0.745518 0.1058831
0.0927417 0.0013857 0.0170251 0.0766127 0.0990141 0.0380824 0.0129928 0.0887095 0.0922937 0.4659488 0.0224014 0.0058579 0.0716844 0.1209675 0.0138259
0.0098566 0.0037793 0.0183691 0.0743726 0.1478491 0.0103046 0.032706 0.0474909 0.2177414 0.1648742 0.080197 0.038659 0.0497311 0.4296585 0.4595773
0.0286738 0.0463435 0.0174731 0.0344981 0.0963259 0.0089606 0.1523294 0.0116487 0.1008062 0.0098566 1.1088685 0.0776014 0.2948022 0.064516 0.018487
0.0237455 0.0830656 0.0685482 0.0439067 0.0210573 0.0147849 0.0403225 0.1366484 0.0613798 0.0340501 0.0524192 0.0129756 0.1182793 0.2289421 0.1336924
0.0582436 0.0272896 0.2728489 0.1039424 0.0152329 0.0179211 0.016577 0.0425626 0.0560035 0.0412185 0.1321682 0.0017164 0.0582436 0.0497311 0.0079208
0.0192652 0.0049131 0.0246415 0.0103046 0.0739246 0.0707884 0.0152329 0.2701607 0.032258 0.3010746 0.0546594 0.0063933 0.0282257 0.0309139 0.0221403
0.2719528 0.0528786 0.1241037 0.1160392 0.1236556 0.097222 0.1214155 0.2580639 0.064068 0.1155911 0.2043006 0.0299351 0.0568995 0.0344981 0.0479655
0.0367383 0.3585916 0.0537633 0.1532255 0.0748206 0.0201612 0.1599459 0.1966841 0.0138889 0.0098566 0.1639781 0.0302186 0.0098566 0.1684584 0.1787604
0.1241037 0.0624213 0.1142471 0.0188172 0.015681 0.0757167 0.4686369 0.1527774 0.0125448 0.0103046 0.1093188 0.0265023 0.0340501 0.0183691 0.0355883
0.1550176 0.014692 0.1370965 0.2016125 0.0215053 0.064516 0.1989243 0.0116487 0.0268817 0.1680104 0.064068 0.0050548 0.1308241 0.0250895 0.0147392
0.0757167 0.0004094 0.0403225 0.0963259 0.064516 0.663977 0.0730285 0.0201612 0.0707884 0.0448028 0.1832433 0.1366843 0.0900536 0.1957881 0.0387377
0.0537633 0.0064878 0.0344981 0.0147849 0.0725805 0.2410389 0.0784048 0.032258 0.0282257 0.0533153 0.1052865 0.0431469 0.1415767 0.0147849 0.0369426
0.03181 0.0311004 0.0555554 0.0994621 0.064068 0.0134408 0.0206093 0.3490136 0.1057345 0.1827953 0.1308241 0.0369268 0.0304659 0.0255376 0.0842309
0.0116487 0.315303 0.0259856 0.0170251 0.0094086 0.0524192 0.1818992 0.0129928 0.0367383 0.0555554 0.0555554 0.0032754 0.1810032 0.3570781 0.0302501
0.1469531 0.0363442 0.1182793 0.0389784 0.2898739 0.1084227 0.016577 0.0300179 0.0188172 0.0170251 0.0268817 0.2221592 0.162634 0.0107527 0.1082451
0.0116487 0.2476852 0.0376343 0.1245517 0.0685482 0.0412185 0.2410389 0.015681 0.0183691 0.0421146 0.0134408 0.0060941 0.016577 0.0134408 0.0159045
0.0143369 0.0003307 0.0703403 0.0255376 0.015681 0.0107527 0.1554656 0.2531356 0.0116487 0.0295698 0.162186 0.4052973 0.2361106 0.0138889 0.0647046
0.1877236 0.1681311 0.0201612 0.0851253 0.1563617 0.0291218 0.1442649 0.015681 0.0837812 0.0416666 0.0582436 0.023904 0.0595877 0.0582436 0.1250787
0.0134408 0.1124654 0.0430107 0.5170239 0.0174731 0.0125448 0.0255376 0.0439067 0.0192652 0.1061826 0.0752686 0.0029132 0.0689963 0.0568995 0.474915
0.0273297 0.0765306 0.0241935 0.032258 0.1070786 0.0905016 0.016577 0.0613798 0.081093 0.0371863 0.1424728 0.0048186 0.0882615 0.0112007 0.0064405
0.355734 0.0031494 0.0385304 0.0344981 0.0120967 0.047939 0.0125448 0.0461469 0.1720426 0.8629013 0.0788529 0.0117945 0.0470429 0.5887084 0.055587
0.0210573 0.001118 0.6715935 0.1326162 0.0470429 0.1689064 0.16129 0.0259856 0.0551074 0.0542113 0.2150533 0.0128811 0.0215053 0.2347665 0.0017164
0.0291218 0.0201562 0.0394264 0.0927417 0.0273297 0.0600357 0.0188172 0.0250895 0.0224014 0.096774 0.193996 0.0140306 0.015681 0.1102148 0.0407848
0.0465949 0.4152809 0.0264336 0.1406807 0.064068 0.0864693 0.0179211 0.0663081 0.0416666 0.0147849 0.0300179 0.0035116 0.032706 0.2795693 0.045446
0.0286738 0.1926335 0.0739246 1.2387965 0.2051967 0.0094086 0.0264336 0.1415767 0.0542113 0.0107527 0.0134408 0.020172 0.3763432 0.2710567 0.1387157
0.1433689 0.1464632 0.047939 0.1142471 0.0250895 0.0174731 0.09767 0.0170251 0.0152329 0.0143369 0.033154 0.0358403 0.0434587 0.2737449 0.1642416
0.0842292 0.1275038 0.209677 0.0506271 0.1635301 0.0215053 0.0125448 0.2795693 0.0434587 0.2011644 0.0125448 0.2783132 0.1491932 0.0766127 0.3198696
0.0582436 0.1765401 0.03181 0.1057345 0.0819891 0.0819891 0.0116487 0.0878134 0.0112007 0.0416666 0.3579741 0.0072436 0.016577 0.1276879 0.021353
0.0542113 0.11056 0.064068 0.0197132 0.0268817 0.129928 0.0439067 0.0515232 0.4193539 0.0129928 0.1577057 0.021416 0.0129928 0.0291218 0.0513668
0.0147849 0.0004409 0.015681 0.1810032 0.0869174 0.2226698 0.0797489 0.0170251 0.1169352 0.0219534 0.1052865 0.0337617 0.048387 0.193996 0.1561949
0.0183691 0.0003307 0.0784048 0.0107527 0.3611103 0.0891575 0.0134408 0.1025983 0.4583323 0.0183691 0.242831 0.2327098 0.0725805 0.0224014 0.0933485
0.016577 0.0228175 0.0098566 0.0125448 0.0439067 0.016129 0.0568995 0.0416666 0.0595877 0.0336021 0.0416666 0.2111521 0.3987446 0.3055549 0.0060469
0.0367383 0.033305 0.0403225 0.1326162 0.0174731 0.7916649 0.1545695 0.1245517 0.0367383 0.0103046 0.0094086 0.0061099 0.0533153 0.1872756 0.0065508
0.0112007 0.0599647 0.2853936 0.0819891 0.0179211 0.0188172 0.0098566 0.0828851 0.0313619 0.1899637 0.049283 0.06524 0.0170251 0.2190855 0.0677595
0.1675623 0.345805 0.0376343 0.2370066 0.0107527 0.0179211 0.0094086 0.0510752 0.0232974 0.0259856 0.3991927 0.0671454 0.0264336 0.033154 0.0278093
0.2853936 0.1100403 0.0582436 0.0752686 0.0676522 0.0174731 0.0183691 0.0694443 0.0179211 0.0143369 0.0206093 0.1797525 0.0103046 0.1106628 0.204554
0.0613798 0.0736174 0.0913976 0.0515232 0.0344981 0.0107527 0.0313619 0.0421146 0.2710567 0.0725805 0.2320783 0.0045666 0.0192652 0.033154 0.137141
0.048387 0.2534329 0.0098566 0.1043904 0.0228494 0.0268817 0.0882615 0.1120069 0.0112007 0.2741929 0.0143369 0.134338 0.0255376 0.1030464 0.0289431
0.0497311 0.0222978 0.0546594 0.0188172 0.2060927 0.2728489 0.0125448 0.0116487 0.0716844 0.0107527 0.0304659 0.0416352 0.0434587 0.0219534 0.1331885
0.0192652 0.0173847 0.0179211 0.0107527 0.015681 0.2383507 0.2706087 0.0842292 0.0712364 0.1532255 0.0882615 0.0625157 0.0600357 0.0922937 0.0328011
0.0398745 0.0004724 0.048835 0.0725805 0.1003582 0.0120967 0.1370965 0.0192652 0.0103046 0.146057 0.0304659 0.0017164 0.2737449 0.4121855 0.1316138
0.1249997 0.0160935 0.0537633 0.0564515 0.1474011 0.0129928 0.1088707 0.0112007 0.0515232 0.178315 0.0394264 0.0710821 0.0546594 0.6294789 0.0031652
0.0098566 0.1511873 0.047939 0.0349462 0.1370965 0.0215053 0.0340501 0.0434587 0.0206093 0.1518814 0.0255376 0.3220112 0.0824371 0.1039424 0.0095899
0.0833331 0.0079208 0.0698923 0.2773291 0.0219534 0.0300179 0.825267 0.0362902 0.0573475 0.0255376 0.0506271 0.0513353 0.0380824 0.0264336 0.0078105
0.0430107 0.0005669 0.0564515 0.016129 0.0210573 0.0112007 0.0174731 0.032258 0.1577057 0.0282257 0.032258 1.2128527 0.1693545 0.2562718 0.8810311
0.047939 0.0055587 0.0698923 0.1680104 0.1097668 0.0134408 0.0362902 0.1509853 0.0698923 0.0116487 0.0107527 0.0232584 0.0380824 0.0855733 0.0364229
A-23
Appendices
Southern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone Sample Zone Sample Zone
continued… 161-2-B(44) A 161-2-B(44) B continued… 160-1-A(11) A continued… 160-1-A(11) B continued…
scan 25x scan scan scan 25x scan 25x scan scan scan 25x scan scan scan 25x scan 25x
0.3463254 5.0165501 0.9077041 0.8082419 0.0394264 0.0054327 0.0349462 0.0333522 0.0389784 0.0340501 0.064516 0.0253685 0.0116487 0.1666663 0.0134408 0.1567303 0.0143369 0.0119678
0.0465949 0.045446 0.1191754 0.2244619 0.0201612 0.0060626 0.0232974 0.1102135 0.7535825 0.0201612 0.0358422 0.0352891 0.0828851 0.0555554 0.0179211 0.0466742 0.2047486 0.0048186
0.4744613 0.0841837 0.1317201 0.0094086 0.2011644 0.0388165 0.0864693 0.0393833 0.1330642 0.0586916 0.0873654 0.0227545 0.0170251 0.0094086 0.0224014 0.0799635 0.0246415 0.0028187
0.6267907 0.3074609 0.3965045 0.0120967 0.0232974 0.0117945 0.0232974 0.0179989 0.0286738 0.0250895 0.0506271 0.0298721 0.1267918 0.0228494 0.0456988 0.0032911 0.0094086 0.0006614
1.0775066 0.038785 0.2007164 0.275985 0.0188172 0.0044879 0.0452508 0.029069 0.0201612 0.0425626 0.0210573 0.0284234 0.0188172 0.583332 0.0340501 0.0003622 0.0094086 0.0008188
0.5125437 0.0998047 0.0098566 0.3458774 0.0201612 0.0174162 0.048387 0.0254 0.0385304 0.09767 0.0344981 0.0195578 0.0138889 0.0143369 0.0577956 0.0025983 0.016129 0.0024565
0.1281359 0.0819004 0.0219534 0.1303761 0.049283 0.0028975 0.1886197 0.1068122 0.1034944 0.0201612 0.0344981 0.0201877 0.1603939 0.1424728 0.0094086 0.0035431 0.0094086 0.0182981
0.6590487 0.2056248 0.0107527 0.3100351 0.0564515 0.0042517 0.1312721 0.3102482 0.4887982 0.0201612 0.1724907 0.0076216 0.016129 0.048835 0.0170251 0.1143707 0.0147849 0.0079523
0.2629922 0.1778943 0.015681 1.0582414 0.0573475 0.0064563 0.0573475 0.0532722 0.0291218 0.0385304 0.0179211 0.0145188 0.0672042 0.0094086 0.0197132 0.0119205 0.0116487 0.0036376
0.3682787 0.0047556 0.1102148 0.096774 0.1241037 0.1186854 0.209677 0.0990331 0.129928 0.0376343 0.0371863 0.2449452 0.0663081 0.0094086 0.0394264 0.0191327 0.0277777 0.0209751
0.3046588 0.0097317 0.0228494 0.0201612 0.0528673 0.0355568 0.0362902 0.0200145 0.0188172 0.0291218 0.0295698 0.2223325 0.0761647 0.0595877 0.0277777 0.0006141 0.0116487 0.0139991
1.0161268 0.1094262 0.2007164 0.0107527 0.1034944 0.1225277 0.1630821 0.8369866 0.1500893 0.0179211 0.0134408 0.0057319 0.0734765 0.0094086 0.0094086 0.0007401 0.0698923 0.0025983
0.4247302 0.0432256 0.0403225 0.016577 0.0259856 0.0419816 0.0295698 0.0153061 0.0564515 0.0380824 0.03181 0.0121567 0.0188172 0.0255376 0.0237455 0.0389739 0.0403225 0.0074169
0.1330642 0.005165 0.4193539 1.4525057 0.0519712 0.006472 0.0725805 0.0014172 0.0201612 0.0403225 0.0698923 0.0630197 0.1317201 0.0793009 0.0273297 0.0234631 0.0143369 0.0044722
0.0465949 0.1661943 0.0336021 0.0981181 0.0385304 0.1481324 0.0510752 0.5501228 0.1245517 0.0282257 0.0766127 0.0057004 0.0152329 0.0385304 0.0116487 0.0012125 0.6720415 0.1487938
0.9009837 0.0105663 0.9619154 0.307347 0.0533153 0.0269274 0.2889778 0.0624685 0.4323467 0.0286738 0.0443547 0.3821177 0.0134408 0.0636199 0.0394264 0.0006614 0.0255376 0.0052123
0.0681002 0.0335884 0.0752686 4.4632517 0.1321682 0.0017164 0.0268817 0.2550863 0.0452508 0.2625442 0.0201612 0.009401 0.0775088 0.0201612 0.0201612 0.0033069 0.0582436 0.0021573
0.3422931 0.0017164 0.0125448 0.0259856 0.0232974 0.055776 0.0344981 0.0421706 0.0452508 0.7580628 0.0138889 0.0143928 0.5080634 0.0201612 0.0116487 0.0078263 0.0183691 0.0050233
0.0434587 0.2060658 0.2410389 0.0770608 0.1111109 0.0365016 0.0586916 0.0037478 0.0259856 0.0609318 0.0210573 0.1645408 0.0224014 0.2616482 0.0094086 0.0056374 0.0300179 0.0058736
0.1043904 0.0039368 0.0277777 0.0425626 0.0389784 0.0055745 0.0232974 0.0380921 0.033154 0.1232076 0.0309139 0.0588152 0.0255376 0.0188172 0.0389784 0.0039053 0.0152329 0.0004252
0.1720426 0.0360607 0.9475785 0.0931898 0.0618278 0.0280297 0.0560035 0.0393204 0.1760749 0.0268817 0.1317201 0.0288801 0.0183691 0.0138889 0.016129 0.0334625 0.0138889 0.0024723
0.1151431 0.0936791 0.4448915 1.4659465 0.032706 0.0488158 0.0918457 0.0037006 0.0268817 0.1729387 0.0192652 0.017306 0.0116487 0.0094086 0.0232974 0.0004252 0.0394264 0.005291
0.3136194 1.0773022 0.0224014 0.0277777 0.1245517 0.0169911 0.0900536 0.474474 0.0349462 0.146505 0.0237455 0.041147 0.0425626 0.049283 0.0138889 0.0026455 0.0094086 0.1098671
0.0120967 0.137015 0.0170251 0.064516 0.0842292 0.0154636 0.0497311 0.1891219 0.0385304 0.0613798 0.0224014 0.0389897 0.0470429 0.032258 0.0228494 0.0261086 0.0734765 0.0157785
0.0246415 0.7914147 0.6787619 0.0542113 0.0376343 0.1318815 0.209677 0.1065287 0.1765229 0.0358422 0.0232974 0.0628464 0.1962361 0.1021503 0.0116487 0.022345 0.0255376 0.0014802
0.0443547 0.1386999 2.2235613 0.1397846 0.1550176 0.0222663 0.0232974 0.0066295 0.1989243 0.1102148 0.016129 0.0489261 0.0094086 0.0206093 0.015681 0.0008346 0.0658601 0.0017952
0.1751788 0.0128023 1.2876315 0.0506271 0.0201612 0.0711766 0.1057345 0.0513353 0.0259856 0.0336021 0.0981181 0.0116528 0.016129 0.0416666 0.0358422 0.1027337 0.0116487 0.0012598
0.0515232 0.0020629 0.0595877 0.210573 0.0568995 0.057083 0.1070786 0.2240961 0.0622758 0.0707884 0.0094086 0.0262346 0.0291218 0.0389784 0.0439067 0.0091805 0.0273297 0.0044407
0.3857518 0.0016534 0.145161 0.0138889 0.0286738 0.0109914 0.0264336 0.6536596 0.0465949 0.0506271 0.3749992 0.0474143 0.0681002 0.0188172 0.1312721 0.3958963 0.0206093 0.0005984
0.1415767 0.4754031 0.015681 0.1218635 0.0506271 0.0817744 0.048835 0.1142605 0.0201612 0.0286738 0.0116487 0.0272739 0.1850354 0.1348563 0.5609306 0.0133062 0.0497311 0.0196523
0.0286738 0.0656966 1.7190822 0.0385304 0.032258 0.0115268 0.4986548 0.0029132 0.0658601 0.0300179 0.0183691 0.0074169 0.0304659 0.0878134 0.0412185 0.0019369 0.0125448 0.0038423
0.825715 0.0119048 1.0860191 0.4928304 0.0201612 0.0550831 0.0300179 0.0008818 0.1115589 0.0555554 0.0232974 0.1155675 0.0138889 0.0376343 0.0194161 0.0224014 0.001307
0.0474909 0.0519967 0.0304659 0.113351 0.1276879 0.0020944 0.1854835 0.0849553 0.0510752 0.0658601 0.0282257 0.0074169 0.1164872 0.2275981 0.0107867 0.0094086 0.0191956
0.5035831 0.1259921 3.368272 0.0291218 0.0703403 0.0944507 0.0201612 0.0244079 0.0259856 0.0981181 0.0116487 0.009086 0.0604837 0.0143369 0.0024723 0.0631719 0.0051178
0.2473113 0.0079995 0.0112007 0.1151431 0.0591397 0.1757999 0.048387 0.0128496 0.1823473 0.0259856 0.8718619 0.102277 0.0143369 0.0277777 0.0022833 0.0116487 0.0111961
0.0591397 0.0879315 0.5577945 0.0309139 0.0286738 0.1173627 0.1187273 0.0084404 0.0560035 0.0546594 0.032258 0.0094482 0.0138889 0.0116487 0.012141 0.049283 0.0594608
0.0089606 0.0129598 0.0533153 0.1639781 0.1169352 0.037163 0.0362902 0.4471529 0.0170251 0.0237455 0.0094086 0.0057004 0.0206093 0.0340501 0.0097474 0.0268817 0.0204397
0.274641 0.0468159 0.0313619 0.0761647 0.047939 0.020172 0.2047486 0.1417076 0.0295698 0.048387 0.0116487 0.3613631 0.0828851 0.1586018 0.004173 0.097222 0.0138731
0.0201612 1.9017857 0.0434587 0.7965932 0.032706 0.018487 0.0264336 0.0795068 0.0201612 0.2800173 0.025337 0.032706 0.0394264 0.0005669 0.0282257 0.0028187
0.032258 1.3289872 0.0824371 0.2607521 0.048387 0.1904762 0.2155013 0.0310059 0.2692646 0.0389784 0.1994205 0.3319885 0.1975802 0.0149124 0.308243 0.0115898
0.2880818 0.01307 0.0954299 4.7867277 0.0542113 0.0579649 0.1120069 0.316673 0.3413971 0.0152329 0.0153691 0.0851253 0.033154 0.0790974 0.0129928 0.0017794
0.1644262 0.0086451 0.7513424 0.0183691 0.0891575 0.0043304 0.048835 0.0134952 0.0291218 0.0716844 0.0192271 2.121411 0.0116487 0.0117158 0.0094086 0.0066453
0.0434587 0.5159203 0.0112007 0.0224014 0.1832433 0.0582011 0.0452508 0.0125189 0.0528673 0.0905016 0.0058107 0.1115589 0.0116487 0.0011338 0.0685482 0.0194161
0.8727579 2.7504409 0.1397846 1.0241913 0.0358422 0.0154951 0.0201612 0.078499 0.0201612 0.0125448 0.0219986 0.0860213 0.1756268 0.0015117 0.1106628 0.0031022
0.0340501 0.0678068 0.0604837 0.0143369 0.1214155 0.0246599 0.0295698 0.0081412 0.0201612 0.0255376 0.0232741 0.0721325 0.0698923 0.0397455 0.0188172 0.0173375
0.1182793 0.053162 0.0295698 0.4296585 0.0304659 0.0304548 0.048387 0.0096057 0.4480277 0.081093 0.1174414 0.1335122 0.1433689 0.0020471 0.0112007 0.0035273
0.3736551 0.0070232 0.0909496 0.0855733 0.0201612 0.1235513 0.1827953 0.073334 0.1729387 0.0094086 0.0058107 0.0555554 0.0448028 0.0018267 0.0224014 0.005102
1.0286715 0.1474553 0.0255376 4.0273208 0.0560035 0.2169312 0.0201612 0.0020471 0.09767 0.0179211 0.0402809 0.0367383 0.1258958 0.1243701 0.064516 0.0074169
0.048835 0.0870811 0.0094086 0.016577 0.0232974 0.0144243 0.1182793 0.0413675 0.1276879 0.0725805 0.175674 0.0116487 0.0609318 0.3578672 0.0183691 0.0031652
0.0224014 0.0944507 0.0197132 0.1496412 0.0551074 0.5630197 0.0232974 0.0518078 0.1232076 0.0237455 0.1046391 0.0116487 0.1043904 0.0013228 0.0586916 0.0056847
0.0528673 0.0108497 0.6353032 1.7710534 0.0600357 0.0980096 0.0291218 0.0607521 0.0403225 0.0219534 0.1410777 0.2356626 0.0582436 0.0011968 0.032706 0.0328168
0.3131713 0.0044092 0.0206093 0.1048385 0.0403225 0.038533 0.112903 0.1794375 0.1173833 0.0259856 0.0211168 0.0246415 0.0134408 0.0434933 0.1644262 0.0131488
0.2172934 0.0307225 0.0219534 0.0174731 0.0250895 0.0827192 0.0313619 0.0685469 0.1603939 0.0376343 0.0065035 0.1057345 0.1066306 0.0207546 0.0094086 0.0063303
3.3413904 0.680713 0.0340501 0.0439067 0.0250895 0.0043147 0.1120069 0.2186162 0.0519712 0.0138889 0.0117001 0.0143369 0.0134408 0.0009291 0.0192652 0.0266912
0.3570781 0.0305178 1.8306411 0.0286738 0.0425626 0.109064 0.0380824 0.0066138 0.0712364 0.0497311 0.0207861 0.0206093 0.3351247 0.0031494 0.0134408 0.0306122
0.2934581 0.0606418 0.0201612 0.0224014 0.0246415 0.1014582 0.080645 0.0941515 0.0286738 0.1321682 0.0340294 0.0542113 0.0201612 0.054406 0.2665765 0.0164399
1.3965023 0.0170251 0.1012543 0.129928 0.2912257 0.211021 0.0632086 0.03181 0.064964 0.0272266 0.2455192 0.0855733 0.021416 0.0497311 0.0014015
0.0107527 0.0210573 0.0394264 0.1648742 0.0339664 0.0448028 0.2647707 0.1043904 0.0519712 0.0122984 0.0425626 0.1904118 0.1897203 0.0232974 0.0095899
0.016577 1.1720404 0.1254477 0.306899 0.0156526 0.096774 0.1501795 0.0389784 0.7974893 0.0070389 0.032706 0.0882615 0.2705184 0.0138889 0.021038
0.3337806 0.1594979 0.0282257 0.0201612 0.0488473 0.0367383 0.0126291 0.2419349 0.016129 0.0970175 0.0439067 0.0116487 0.0292265 0.0591397 0.0020314
0.259408 0.0098566 0.0394264 0.0761647 0.0035588 0.0425626 0.0460286 0.0698923 0.0241935 0.0688776 0.0295698 0.03181 0.0137787 0.0094086 0.0321712
0.3261641 0.1523294 0.2213257 0.0510752 0.2308988 0.0936378 0.0531935 0.0999102 0.0421146 0.1199295 0.0389784 0.0232974 0.00822 0.0461469 0.0009448
0.0112007 0.0188172 0.0913976 0.5882603 0.0030707 0.0582436 0.2234977 0.178763 0.0116487 0.183264 0.0362902 0.648296 0.0089916 0.0125448 0.080861
0.5439056 0.2612001 0.0241935 0.0291218 0.0075113 0.0465949 0.2477167 0.0775088 0.0497311 0.021479 0.0259856 0.0094086 0.0098891 0.0264336 0.001244
0.1442649 1.3001763 0.0143369 0.0568995 0.0886558 0.1599459 0.0910021 0.0439067 0.0201612 0.1738473 0.0268817 0.3369168 0.0219356 0.0367383 0.005102
0.8154104 0.0568995 0.2405909 0.1514334 0.010834 0.0546594 0.0208176 0.1366484 0.0761647 0.0317775 0.0116487 0.0734765 0.0788927 0.0152329 0.0211325
0.1424728 0.1093188 0.4014328 0.0824371 0.0034171 0.1357524 0.0151959 0.5976689 0.0945338 0.0263605 0.0201612 0.0201612 0.0288013 0.1254477 0.1425579
0.0470429 0.0250895 0.0125448 0.1021503 0.0111017 0.1348563 0.0053855 0.0533153 0.0197132 0.0273211 0.2710567 0.0394264 0.0127708 0.0295698 0.0052595
0.1173833 0.0134408 0.0340501 0.032706 0.1089695 0.0425626 0.2083176 0.1254477 0.0985661 0.0057634 0.2482073 0.0197132 0.0735229 0.2576159 0.0611615
0.1088707 0.0125448 0.0215053 0.0524192 0.2396699 0.1957881 0.0077633 0.0766127 0.0237455 0.0175579 0.0094086 0.0609318 0.0105348 0.2150533 0.0011023
1.2710545 0.2764331 0.0358422 0.1733867 0.0389897 0.0788529 0.0331318 0.6827942 0.0304659 0.0459184 0.0170251 0.0389784 0.1505574 0.2334224 0.0116056
0.016129 0.0183691 0.0398745 0.0102671 0.0474909 0.0749244 0.145161 0.0143369 0.0766127 0.1872756 0.0045351 0.1017023 0.0242819
0.0152329 0.0143369 0.0286738 0.077192 0.0264336 0.0348954 0.1209675 0.7858405 0.0094086 0.4112894 0.0016692 0.0094086 0.0020944
0.2549277 0.0627239 0.032258 0.0204397 0.049283 0.2123961 0.0394264 0.1545695 0.4121855 0.112903 0.014818 0.0116487 0.0007086
0.4879021 0.162634 0.0398745 0.0546422 0.0443547 0.0210853 0.0336021 0.1527774 0.0143369 0.0134408 0.0054327 0.1111109 0.0017952
0.0215053 0.5551063 0.0954299 0.1380385 0.0497311 0.0057477 0.1173833 0.0362902 0.0197132 0.016129 0.0454617 0.0179211 0.0180933
0.0990141 0.0672042 0.1411287 0.0054642 0.0609318 0.1768235 0.0564515 0.0371863 0.1850354 0.0094086 0.0014487 0.1384406 0.0086294
0.0613798 0.0824371 0.0250895 0.0738064 0.0286738 0.4988505 0.1258958 0.0206093 0.0703403 0.0591397 0.0924981 0.0219534 0.0007086
0.0887095 0.4193539 0.1012543 0.0578704 0.0362902 0.1337081 0.1572577 0.0949819 0.0376343 0.016129 0.0008818 0.080645 0.0010236
0.7719517 0.0295698 0.0931898 0.0818216 0.0452508 0.0402494 0.0900536 0.2804653 0.0232974 0.0286738 0.0005511 0.0380824 0.0066295
0.2320783 0.0286738 0.0349462 0.1673753 0.0855733 0.0022833 0.0689963 0.0143369 0.0510752 0.033154 0.0028817 0.0152329 0.0059524
0.097222 0.0909496 0.112903 0.0655234 0.0295698 0.1839884 0.0707884 0.0170251 0.048387 0.0094086 0.0120622 0.0094086 0.0008818
0.0112007 0.2831535 0.2177414 0.0108025 0.1008062 0.0354151 0.0564515 0.0094086 0.0743726 0.0201612 0.0047241 0.0945338 0.0086136
0.0192652 0.0430107 0.0403225 0.0879472 0.0439067 0.4333585 0.2087809 0.0456988 0.0586916 0.2571679 0.3864953 0.3270602 0.0016534
0.0949819 1.4211438 0.081541 0.1680839 0.0528673 0.348356 0.226702 0.0761647 0.0170251 0.0954299 0.0057319 0.0116487 0.0051493
0.0582436 0.0793009 0.0421146 0.0041257 0.0698923 0.0540753 0.0201612 0.0268817 0.0577956 0.0183691 0.0047556 0.4628126 0.0042832
0.0658601 0.0112007 0.0232974 0.0740741 0.0224014 0.0712396 0.0291218 0.1312721 0.0116487 0.016129 0.0099364 0.0183691 0.0036218
0.048835 0.0197132 0.0228494 0.078688 0.1321682 0.0136212 0.0179211 0.0138889 0.1339603 0.048835 0.0112749 0.0215053 0.0094325
3.8597584 1.2526854 0.0595877 0.0117473 0.0232974 0.1111898 0.0170251 0.0851253 0.0116487 0.0985661 0.0004567 0.0931898 0.0317618
0.0376343 0.0197132 0.048835 0.0226285 0.0309139 0.0488473 0.7029554 0.0412185 0.0134408 0.0905016 0.0021101 0.0138889 0.0091333
0.4655008 0.0304659 0.064516 0.0087081 0.2011644 0.0031966 0.0336021 0.0134408 0.0138889 0.0394264 0.0218096 0.0094086 0.1515653
2.3324321 0.0407705 0.0259856 0.0058579 0.0999102 0.0464538 0.1034944 0.0421146 0.3947124 0.2531356 0.0020786 0.0282257 0.1600214
0.1102148 0.047939 0.0860213 0.0607678 0.0282257 0.0942775 0.0931898 0.0138889 0.2199816 0.0663081 0.013511 0.0116487 0.023967
0.0174731 0.0246415 0.0201612 0.0319665 0.0268817 0.2106009 0.0259856 0.0094086 0.0215053 0.3369168 0.0244079 0.0134408 0.0501228
0.1397846 3.6711388 0.1693545 0.1193153 0.065412 0.002488 0.0739246 0.3422931 0.0094086 0.0694443 0.0282344 0.3060029 0.0113694
1.0649618 0.0591397 0.0676522 0.0030707 0.0524192 0.0430107 0.0232974 0.1249997 0.0501791 0.0341868 0.0407705 0.0049761
0.0098566 0.1200714 0.0922937 0.004047 0.1953401 0.1191754 0.1312721 0.1648742 0.0206093 0.020172 0.0255376 0.0078263
0.5367372 0.0112007 0.0295698 0.0160305 0.0259856 0.1482972 0.0618278 0.0277777 0.0201612 0.001496 0.0183691 0.0044564
0.0954299 0.0734765 0.0730285 0.0902463 0.0264336 0.0470429 0.0094086 0.0170251 0.1039424 0.0014802 3.0551007 0.0036691
0.0107527 0.0842292 0.0542113 0.0488946 0.0273297 0.0295698 0.0246415 0.0425626 0.0555554 0.003795 0.210573 0.0295257
0.1966841 0.0766127 0.0604837 0.002866 0.1680104 0.0784048 0.0362902 0.0353942 0.033154 0.0382496 0.1030464 0.0250535
0.0949819 0.728941 0.0622758 0.0264336 0.1187273 0.1971322 0.0179211 0.1182793 0.0023148 0.0349462 0.0132433
1.2159471 0.1630821 0.0295698 0.0295698 1.1294778 0.1191754 0.1120069 0.0264336 0.0094325 0.1039424 0.0060941
0.0582436 0.0349462 0.0295698 0.0232974 0.0250895 0.0631719 0.0842292 0.0896055 0.0020629 0.0094086 0.0010078
0.3700709 0.1420248 0.2083329 0.9937254 0.0371863 0.2119171 0.0246415 0.0083774 0.0309139 0.0038108
0.0103046 0.0618278 0.0766127 0.0748206 0.0228494 0.2016125 0.0371863 0.0073539 0.5927406 0.009464
0.9166646 0.0219534 0.1814512 0.2060927 0.2952502 0.0398745 0.0981181 0.0017479 0.0524192 0.0215734
0.1424728 0.3418451 0.0232974 0.2051967 0.0344981 0.0340501 0.0398745 0.0008503 0.0201612 0.061067
0.0241935 0.0259856 0.0434587 0.1048385 0.0743726 0.0358422 0.0439067 0.0017007 0.0367383 0.0244709
0.3682787 0.0793009 0.0896055 0.2925621 0.0349462 0.0568995 0.0170251 0.0130071 0.03181 0.4969766
0.0264336 0.0120967 0.0707884 0.0474909 0.0134408 0.0237455 0.4166657 0.0243764 0.0524192 0.0601064
Appendices
A-24
Southern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone
160-1-A(17) B continued…
scan 25x scan 25x scan 25x scan 25x scan 25x scan scan scan 25x scan 25x scan 25x
0.0147849 0.0178571 0.7087798 0.0059996 0.0183691 0.0182193 0.0250895 0.0043147 0.1415767 0.0129756 0.1586018 0.0412185 0.0613798 0.0910494 0.0152329 0.0881519 0.0264336 0.0243292
0.0286738 2.1526833 0.0134408 0.0209751 0.0094086 0.0006456 0.0116487 0.0120307 0.0510752 0.0025668 0.0094086 0.3660386 0.0183691 0.0316043 0.0125448 0.0014487 0.0313619 0.0019526
0.0134408 0.006472 0.0833331 0.0078893 0.016577 0.0025195 0.3006266 0.049304 0.0094086 0.0007086 1.1715924 0.0613798 0.0120967 0.0937421 0.0268817 0.0023936 0.0407705 0.0752708
0.0304659 0.0571145 0.0931898 0.0076058 1.0985639 0.0130071 0.0143369 0.0176367 0.033154 0.0021731 0.032258 0.0748206 0.0344981 0.0756488 0.0255376 0.00274 0.0120967 0.0022676
0.0201612 0.0112119 0.0094086 0.0293052 0.0143369 0.0376984 3.627232 0.2307729 0.03181 0.0119835 0.0219534 0.0188172 0.0609318 0.1640684 0.0098566 0.0237465 0.0349462 0.0013542
0.5291207 0.0110387 0.0546594 0.0009606 0.0573475 0.0023778 0.0277777 0.0492252 0.857525 0.0020944 0.2974904 0.2715048 0.2392468 0.0173532 0.0215053 0.0031022 0.0304659 0.0188964
0.1962361 0.875252 0.0206093 0.0007559 0.0685482 0.1945232 0.0752686 0.0084089 0.0407705 0.0937106 0.0721325 0.033154 0.0707884 0.0021888 0.1393366 0.0550831 0.0398745 0.0013857
0.0819891 0.0053855 0.0286738 0.0057792 0.0094086 0.0285809 0.0116487 0.0261243 0.2347665 0.2848954 0.1532255 0.3588702 0.0416666 0.0478238 0.0103046 0.0014487 0.0183691 0.0297777
0.0963259 0.0039053 0.0259856 0.0441232 0.0564515 0.0019526 0.0568995 0.0073381 0.081541 0.0408006 0.0116487 0.0685482 0.1267918 0.3751417 0.0152329 0.0015905 0.0371863 0.0018267
0.0116487 0.0036218 0.5542102 0.0008818 0.033154 0.0011023 0.0241935 0.2077507 0.0094086 0.0060154 0.0094086 0.2060927 0.0125448 0.0318563 0.0103046 0.0010708 0.0757167 0.0007559
0.0353942 0.0055587 0.0143369 0.0030077 0.0134408 0.0009448 0.0784048 0.01307 0.064964 0.0145818 0.0470429 0.0273297 0.0210573 0.006661 0.015681 0.0073696 0.0129928 0.1597222
0.0246415 0.0016849 0.0313619 0.0139204 0.0860213 0.0080152 0.0353942 0.0009133 0.4731172 0.0196681 0.0286738 0.2074368 0.1850354 0.0018109 0.0143369 0.0010708 0.0277777 0.0010078
0.0819891 0.0050705 0.0188172 0.0048501 0.0094086 0.0022833 0.0094086 0.0595238 0.0116487 0.0016849 0.0134408 0.0757167 0.0362902 0.0085979 0.0094086 0.002866 0.0103046 0.0029919
0.1281359 0.0019369 0.0210573 0.00137 0.0291218 0.0040785 0.1684584 0.0010393 0.0143369 0.1719577 0.032258 0.0170251 0.4269704 0.0210066 0.0116487 0.0045351 0.0748206 0.0187075
0.032258 0.006787 0.3853038 0.0068185 1.586018 0.0180933 0.5595866 0.63807 0.0757167 0.0021259 0.0412185 0.0224014 0.0716844 0.003795 0.0125448 0.0501386 0.663977 0.0101096
0.0215053 0.0013385 0.0542113 0.0084719 0.3422931 0.0127236 0.0891575 0.0024723 0.033154 0.0117473 0.0949819 0.0591397 0.0398745 0.0151172 0.0210573 0.003984 0.0232974 0.0061728
2.3857474 0.0017637 0.1854835 0.0192114 0.0250895 0.0106607 0.1715946 0.0053225 0.0134408 0.0127866 0.0143369 0.0694443 0.049283 0.0024093 0.2437271 0.0029762 0.0761647 0.0030077
0.0094086 0.002677 0.0188172 0.0245969 0.0622758 0.0084719 0.0389784 0.2062232 0.016577 0.0046926 0.0094086 0.0224014 0.0098566 0.0421076 0.0716844 0.0186287 0.0192652 0.0103301
0.1012543 0.0030549 0.0385304 0.0076846 0.0568995 0.0374937 0.0286738 0.0414305 0.0622758 0.0019369 0.0125448 0.0143369 0.015681 0.0028502 0.016577 0.0010551 0.0179211 0.0069759
0.1061826 0.0121567 0.0425626 0.0220931 0.0564515 0.016062 0.0170251 0.0787352 0.0170251 0.0011338 0.0465949 0.3633504 0.0456988 0.0173847 0.0770608 0.1036785 0.0232974 0.0026612
0.0551074 0.150337 0.1048385 0.0022203 0.0143369 0.0021259 0.0421146 0.0056059 0.6079736 0.0038738 0.0300179 0.1093188 0.0125448 0.038722 0.0206093 0.0044407 0.0120967 0.1133472
0.0878134 0.0031494 0.0143369 0.0187075 0.1321682 0.0145345 0.0219534 0.0036061 0.2491034 0.0841837 0.064964 0.0094086 0.0524192 0.0017164 0.0089606 0.0050705 0.0098566 0.0159045
0.0224014 0.0010393 0.0349462 0.0050548 0.0313619 0.0212428 0.0259856 0.02677 0.0197132 0.0142038 0.1603939 0.0094086 0.0138889 0.0458554 0.0349462 0.0040312 0.0259856 0.0010236
0.0313619 0.0088971 0.0452508 0.0087396 0.1039424 0.021101 0.0116487 0.0087554 0.0793009 0.0016534 0.0116487 0.03181 0.0313619 0.0279667 0.1214155 0.0411155 0.0089606 0.0017794
0.0201612 0.0327538 0.0094086 0.0084719 0.4260743 0.0023463 0.0170251 0.0012913 0.0255376 0.0015117 0.0210573 0.0179211 0.1084227 0.0052595 0.0103046 0.0018267 0.0183691 0.0022676
0.0416666 0.0007086 0.2343185 0.0289746 0.1890677 0.0159203 0.0770608 0.0061256 0.0273297 0.001181 0.0336021 0.0613798 0.016129 0.0016062 0.0622758 0.0125819 0.0425626 0.0016534
0.0336021 0.0091018 0.016129 0.0095742 0.0116487 0.0214317 0.0183691 0.0447373 0.0224014 0.0007086 0.22715 0.0250895 0.0277777 0.0321397 0.0094086 0.0029447 0.0309139 0.0007716
0.0376343 0.0029919 0.2155013 0.0085506 0.0201612 0.0098104 0.3642465 0.0158573 0.4260743 0.0258251 0.048835 0.0631719 0.0501791 0.0066453 0.0134408 0.0051335 0.0380824 0.004236
0.016129 0.0021731 0.0094086 0.0304233 0.0421146 0.0137472 0.0461469 0.018613 0.7638872 0.0061728 0.1577057 0.0613798 0.0116487 0.0699641 0.0134408 0.1188429 0.0259856 0.0162195
0.1550176 0.0049761 0.0134408 0.0038423 0.0958779 0.0019999 0.2356626 0.0859788 0.0134408 0.0037478 0.1536735 0.0398745 0.0340501 0.0088026 0.016129 0.0017952 0.016577 0.0381236
0.0094086 0.0447846 0.0716844 0.0022361 0.0143369 0.0016377 0.1738347 0.0050076 0.0367383 0.017243 0.0094086 0.0394264 0.0094086 0.0017164 0.0125448 0.00685 0.0103046 0.0011968
0.0147849 0.0230379 0.0103046 0.0173532 0.0192652 0.0185815 0.0506271 0.1055682 0.0094086 0.0196523 0.048387 0.0094086 0.0353942 0.021164 0.0138889 0.0538391 0.0125448 0.0042517
0.0430107 0.0018896 0.064516 0.0319822 0.0094086 0.0563901 0.0224014 0.1281337 0.0300179 0.0023463 0.0277777 0.0215053 0.1043904 0.0032124 0.0336021 0.0015905 0.1070786 0.0022046
0.0528673 0.0256047 0.0376343 0.0020314 0.0694443 0.0016062 0.0295698 0.001433 0.0094086 0.0007086 0.3642465 0.2043006 0.0766127 0.1153786 0.015681 0.0019211 0.0188172 0.0060941
0.0255376 0.0418399 0.6572566 0.0030392 0.0268817 0.0031494 0.6608408 0.0108182 0.0618278 0.0130071 0.0094086 0.0277777 0.0170251 0.0018424 0.0179211 0.0124874 0.0112007 0.0204082
0.0551074 0.0087554 0.0336021 0.002551 0.0344981 0.0012598 0.0094086 0.4397361 0.0116487 0.0012125 0.16129 0.1541215 0.0304659 0.0243292 0.0120967 0.0020471 0.0201612 0.0064563
0.0094086 0.0016692 0.0116487 0.0014172 0.016577 0.0017479 0.0425626 0.0045509 0.0232974 0.016062 0.0376343 0.0286738 0.0456988 0.0026612 0.048387 0.0066295 0.0551074 0.0010236
2.0439022 0.0105348 0.0116487 0.004173 0.0116487 0.0126134 0.015681 0.0045194 0.0192652 0.0313209 0.0215053 0.0412185 0.0206093 0.009086 0.0089606 0.0072436 0.0456988 0.0023306
0.0134408 0.0056532 0.0766127 0.0063776 0.0309139 0.0027085 0.032706 0.1124654 0.0206093 0.0009133 0.0215053 0.0138889 0.0112007 0.0022676 0.0179211 0.0080467 0.0506271 0.0030234
0.064516 0.0010865 0.0255376 0.0336672 0.0264336 0.0010708 2.4233817 0.0041887 0.0604837 0.0060469 0.0313619 0.0152329 0.0089606 0.0858844 0.016577 0.0058894 0.0098566 0.0027872
0.0430107 0.0012283 0.0201612 0.0103458 0.2016125 0.0910021 0.0277777 0.0152589 0.0515232 0.0035431 0.0452508 0.0170251 0.210125 0.0039053 0.0224014 0.0037163 0.0268817 0.0040155
0.0277777 0.0146133 0.032258 0.0802312 0.0775088 0.0546107 0.047939 0.0043462 0.0367383 0.0010393 0.1469531 0.0770608 0.0098566 0.0194948 0.0170251 0.0017164 0.0210573 0.0037793
0.1155911 0.0007086 0.0188172 0.0065665 0.1648742 0.0059051 0.0439067 0.0863883 0.2419349 0.0179211 0.0537633 0.0174731 0.059697 0.016577 0.0007244 0.4189059 0.0003464
0.3745511 0.0015117 0.0344981 0.0029132 0.3660386 0.0066453 0.0143369 0.024156 0.0380824 0.1124549 0.1012543 0.0300179 0.0075901 0.0089606 0.0168808 0.0103046 0.0062201
0.0125448 0.0231796 0.0094086 0.0031179 0.2352145 0.0238568 0.2688166 0.006913 0.0703403 0.0116487 0.0143369 0.0295698 0.0356985 0.0627239 0.0102198 0.0609318 0.0037478
0.0147849 0.5015432 0.0573475 0.02951 0.0931898 0.0036218 0.2764331 0.3673154 0.1765229 0.0188172 0.0098566 0.0170251 0.0019684 0.0201612 0.006409 0.1057345 0.0021259
0.0277777 0.0056217 0.2020605 0.0232741 0.0250895 0.0056217 0.0443547 0.0043619 0.0309139 0.0259856 0.1379925 0.015681 0.0022676 0.0107527 0.0051808 0.0259856 0.0350844
0.0542113 0.0187705 0.0170251 0.0012598 0.0515232 0.0013385 0.0425626 0.1514078 0.0116487 0.0192652 0.0094086 0.0452508 0.0074798 0.0089606 0.0407061 0.0120967 0.0018109
0.0295698 0.0020786 3.7585042 0.0074169 0.0344981 0.0022518 0.0094086 0.0063776 0.0878134 0.0300179 0.5058232 0.0600357 0.041084 0.0425626 0.0014172 0.0170251 0.0013228
0.1841394 0.0020944 0.0138889 0.0175265 0.1953401 0.2683296 0.0188172 0.5060941 0.1115589 0.0224014 0.0434587 0.0120967 0.049115 0.015681 0.0268487 0.016129 0.0018896
0.0784048 0.0590671 0.0134408 0.0433516 0.0542113 0.013259 0.0197132 0.0017794 0.0143369 0.032258 0.0403225 0.0210573 0.0058422 0.0183691 0.001307 0.0313619 0.0172745
0.0143369 0.0245654 0.0201612 0.4465703 0.0439067 0.002677 0.2571679 0.0043462 0.0452508 0.0954299 0.0282257 0.1236556 0.1164651 0.0456988 0.240662 0.0152329 0.0028817
0.1169352 0.0110072 0.0353942 0.0021101 0.0094086 0.0024093 0.3445333 0.070594 0.032258 0.0784048 0.0560035 0.0183691 0.0004882 0.064516 0.003795 0.0147849 0.0020629
0.1738347 0.0106765 0.0681002 0.0015747 0.0604837 0.0008031 0.0188172 0.0617599 0.1034944 0.0188172 0.015681 0.0129928 0.0421863 0.0367383 0.0012913 0.0434587 0.0035116
0.0443547 0.0054327 0.0775088 0.0040312 0.016129 0.0581696 0.0259856 0.0578231 0.0197132 0.016129 0.0412185 0.1505373 0.0003149 0.0766127 0.0036848 0.0232974 0.0140621
0.2997305 0.1070641 0.016129 0.0032124 0.1505373 0.0109914 0.1930999 0.0172273 0.048835 0.0268817 0.0174731 0.6617369 0.0204082 0.0398745 0.044076 0.0439067 0.0010865
0.0250895 0.0022991 0.113799 0.1854844 0.0094086 0.0012755 0.0116487 0.0976474 0.0582436 0.0094086 0.0210573 0.0250895 0.0237623 0.0183691 0.0045509 0.0089606 0.0023148
0.016577 0.0200775 0.0564515 0.0311634 0.0143369 0.0020944 0.0336021 0.0063933 0.3449813 0.0138889 0.3758952 0.0120967 0.0414147 0.0681002 0.0094955 0.0237455 0.0059839
0.0313619 0.00822 0.03181 0.0065665 0.0999102 0.0421076 0.0770608 0.0512094 0.0600357 0.0389784 0.0116487 0.0120967 0.0377614 0.0999102 0.0240457 0.0474909 0.0031179
0.0134408 0.0017637 0.0215053 0.0015747 0.0210573 0.2241434 0.0555554 0.0009133 0.1675623 0.0456988 0.0380824 0.0129928 0.0029289 0.0112007 0.0045037 0.0143369 0.0060941
0.0734765 0.3970773 0.2732969 0.0020471 0.0864693 0.0025668 0.2517916 0.0022046 0.3051068 0.502687 0.0349462 0.0089606 0.0168021 0.0103046 0.0052753 0.0215053 0.0018109
0.0766127 0.0061571 0.1836913 0.0084719 0.2791212 0.1103395 0.0188172 0.0265653 0.0094086 0.0179211 0.0824371 0.0232974 0.0254315 0.0134408 0.0095427 17.400947 0.0024565
0.0094086 0.0051808 0.0349462 0.0162824 0.0215053 0.0013857 0.1241037 1.583664 0.0192652 0.0618278 0.1088707 0.0264336 0.0072751 0.0241935 0.3594262 0.0098566 0.0017007
0.0170251 0.009464 0.0277777 0.0018582 0.0201612 0.0168021 0.0524192 0.0049131 0.0219534 0.0192652 0.032258 0.1348563 0.0006141 0.0183691 0.0036691 0.0206093 0.0018424
0.0461469 0.0074956 0.0241935 0.0946397 2.1232031 0.0381866 0.0094086 0.0467215 0.0116487 0.0936378 0.3844077 0.1241037 0.001433 0.0264336 0.0267857 0.0273297 0.0008188
0.2007164 0.0051493 0.0228494 0.0029604 0.0268817 0.0057949 0.4498198 0.0080782 0.0094086 0.1075266 0.3812715 0.0537633 0.0172588 0.0138889 0.032124 0.323028 0.0493512
0.0394264 0.0059681 0.0179211 0.0041257 0.0170251 0.0083302 0.0295698 0.0233214 0.2867377 0.0291218 0.0224014 0.0089606 0.0692082 0.0094086 0.0033069 0.0094086 0.0063146
0.048835 0.003795 2.1173788 0.0016062 0.0658601 0.2072468 0.0094086 0.385771 0.0766127 0.0362902 0.0210573 0.0179211 0.0174005 0.0560035 0.0013228 0.0761647 0.0018739
0.0143369 0.0029289 0.080197 0.006913 0.5255365 0.0210538 0.0716844 0.0143141 0.0595877 0.1079747 0.0094086 0.3180996 0.0089758 0.0362902 0.0007244 0.1648742 0.0018109
0.0094086 0.0012283 0.1335122 0.0031966 0.0663081 0.1040092 0.0412185 0.0383913 0.016129 0.016577 0.0116487 0.0098566 0.0596655 0.0125448 0.0029919 0.0752686 0.001433
0.1568097 0.1028754 0.0277777 0.0875693 0.0094086 0.0011495 0.0170251 0.0029132 0.2647844 0.2952502 0.0197132 0.0125448 0.0114009 0.0147849 0.0015905 0.0681002 0.0163454
0.0116487 0.1900668 0.1393366 0.0282344 0.0206093 0.005228 0.03181 0.0276518 0.0255376 0.0313619 0.0255376 0.112903 0.0293367 0.0089606 0.0429264 0.501791 0.0033856
0.3037628 0.0087554 0.0201612 0.0043304 0.0896055 0.0245654 0.0707884 0.0049603 0.0770608 1.861555 0.0224014 0.032706 0.1591081 0.0219534 0.0069444 0.0143369 0.0077948
0.0094086 0.004047 0.033154 0.6869016 0.0300179 0.0183453 0.0353942 0.0023463 0.0201612 0.0546594 0.0268817 0.0120967 0.0786092 0.0192652 0.0044722 0.0385304 0.0079208
0.0631719 0.0026455 0.032706 0.002866 0.0215053 0.0099206 0.0273297 0.0035431 0.0237455 0.0094086 0.226254 0.0089606 0.0053697 0.0143369 0.0082829 0.0631719 0.0045666
0.0403225 0.0408793 0.193548 0.0137472 0.0094086 0.0135582 0.0183691 0.0254787 0.0094086 0.015681 0.0094086 0.0210573 0.0095899 0.047939 0.0011653 0.016129 0.0038265
0.0533153 0.1564311 0.0094086 0.0013228 0.1639781 0.0306752 0.4829738 0.0036061 0.0448028 0.0116487 0.0125448 0.0461469 0.0057949 0.3310925 0.0004567 0.0147849 0.0124244
0.0143369 0.0032911 0.1160392 0.0018424 0.0170251 0.0025195 0.0224014 0.3804642 0.0255376 0.0224014 0.3019707 0.0206093 0.0019369 0.0179211 0.0015747 0.0600357 0.0017322
0.0528673 0.0524691 0.0183691 0.0064248 0.0094086 0.0195736 0.0604837 0.0363284 0.016129 0.1586018 0.0179211 0.0349462 0.1606356 0.0147849 0.0079995 0.0515232 0.0010708
0.0443547 0.0057634 0.4502678 0.0299981 0.0094086 0.0127708 0.0694443 0.0017164 0.2011644 0.0586916 0.0551074 0.0689963 0.0200932 0.0094086 0.0452885 0.033154 0.190177
0.1532255 0.0013228 0.0201612 0.0500283 0.015681 0.0064248 0.1214155 0.0114009 0.0174731 0.0685482 0.0094086 0.0120967 0.0020629 0.016577 0.0049761 0.0300179 0.0010078
0.0094086 0.0056217 0.048835 0.0130385 0.0425626 0.0421391 0.1850354 0.1138511 0.0250895 0.2979384 0.0564515 0.0255376 0.0053855 0.0546594 0.0097789 0.0089606 0.0007401
0.1500893 0.0045509 0.1335122 0.0066453 0.243279 0.0028975 0.0206093 0.0035903 0.0519712 0.0143369 0.1765229 0.0259856 0.0042202 0.065412 0.0022518 0.0134408 0.0109757
0.0994621 0.0071492 0.2361106 0.0013385 0.0528673 0.0071177 0.0183691 0.0191956 0.0228494 0.0224014 0.0170251 0.0152329 0.0074956 0.0134408 0.0025668 0.0958779 0.0045981
0.0425626 0.0015905 0.0206093 0.0114166 0.0143369 0.0013542 0.0255376 0.0026927 0.7652313 0.0201612 0.1854835 0.0107527 0.2350246 0.0304659 0.005165 0.015681 0.0230379
0.4726692 0.0032124 0.1756268 0.0072121 0.0546594 0.002614 0.0116487 0.0182193 0.0474909 0.8476684 0.0344981 0.0098566 0.0106607 0.4619165 0.0010551 0.0286738 0.001307
0.0116487 0.3961168 0.1285839 0.013511 0.0241935 0.010456 0.38844 0.003921 0.387992 6.524179 0.1998203 0.0519712 0.0076846 0.0761647 0.0019526 0.0120967 0.002488
0.0170251 0.0027085 0.0448028 0.0038895 0.0770608 0.0253055 0.0094086 0.0058894 0.0721325 0.1810032 0.1429208 0.0282257 0.1514708 1.9211427 0.0010865 0.0291218 0.0034643
0.0286738 0.2462207 0.016129 0.1083711 0.0125448 0.10645 0.0188172 0.085286 0.2074368 0.0443547 0.0309139 0.0291218 0.0010393 0.0129928 0.0021101 0.0147849 0.0077633
0.2092289 0.0542171 0.0197132 0.0027872 0.0887095 0.0031652 0.0524192 0.029321 0.0394264 0.0985661 0.0116487 0.0210573 0.0016849 0.2629922 0.051981 0.0103046 0.0031494
0.0241935 0.1623362 0.0963259 0.0039683 0.0734765 0.0016219 0.0779568 0.0099206 0.0179211 0.0362902 0.049283 0.0224014 0.0034329 0.0340501 0.0039053 0.0367383 0.0022518
0.0116487 0.0018582 0.113799 0.1008755 0.0143369 0.0319507 0.0784048 0.009338 0.1711466 0.2948022 0.0461469 0.0542113 0.0017322 0.0112007 0.0037793 0.0519712 0.0069602
0.0631719 0.0179674 0.3736551 0.0722317 0.1025983 0.0083617 0.047939 0.0238095 0.2437271 0.0304659 0.0264336 0.0376343 0.0009763 0.0255376 0.0130228 0.0098566 0.0017794
0.1724907 0.0596813 0.0152329 0.0031337 0.0224014 0.0125346 0.0237455 0.0038738 0.0094086 0.0685482 0.0362902 0.0380824 0.0171958 0.0416666 0.3363568 0.0107527 0.0208176
0.0909496 0.0049288 0.4587803 0.0024565 0.0094086 0.0256677 0.0618278 0.0183925 0.1930999 0.016129 0.0103046 0.0116487 0.008094 0.0089606 0.026581 0.0174731 0.0090703
0.0586916 0.0021101 0.0739246 0.004173 0.1030464 0.0101883 0.0882615 0.0007086 0.0192652 0.0152329 0.1348563 0.0219534 0.0019369 0.0259856 0.009401 0.0779568 0.0042674
0.0094086 0.0148022 0.1088707 0.0016062 0.0277777 0.0019054 0.4923824 0.001559 0.0430107 0.0232974 0.1572577 0.080197 0.0011495 0.032706 0.0016692 0.0730285 0.0067082
0.0094086 0.0018739 0.048387 0.0013385 0.2499994 0.0761212 0.1084227 0.0055745 0.0134408 0.2629922 0.0443547 0.0362902 0.0238253 0.0295698 0.0296044 0.0129928 0.0339979
0.0197132 0.0036848 0.0586916 0.0006614 0.2181895 0.0106922 0.4749093 0.0116686 0.0116487 0.0094086 0.0094086 0.0403225 0.0018109 2.3530413 0.006661 0.015681 0.0097317
0.0779568 0.0191799 0.0116487 0.0289903 0.0474909 0.0039525 0.0098566 0.0815697 0.0304659 0.0676522 0.2222217 0.0112007 0.0019369 0.0103046 0.0031337 0.0497311 0.0029604
0.0134408 0.0013385 0.0210573 0.0042674 0.0371863 0.0227545 0.0313619 0.0010393 0.0506271 0.3817196 0.0524192 0.0125448 0.0048816 0.0689963 0.036108 0.226254 0.0045981
0.0439067 0.4130448 0.0255376 0.0027872 0.0170251 0.0122512 0.1792111 0.0033226 7.9238174 0.0501791 0.0448028 0.0112007 0.0380291 0.0264336 0.0032124 0.0183691 0.011889
0.1657702 0.1328735 0.0241935 0.0403597 0.03181 0.0873016 0.0206093 0.0072121 0.2226698 0.015681 0.0094086 0.0134408 0.004236 0.0560035 0.0189752 0.0515232 0.0064563
0.0188172 0.0044879 0.1120069 0.1005448 0.0309139 0.0017322 0.0761647 0.002614 0.0224014 0.0188172 0.3915762 0.3167556 0.0538864 0.0456988 0.0765149 0.0878134 0.0044092
0.0461469 0.0188335 0.0367383 0.0023936 0.1048385 0.0062201 0.0192652 0.1031589 0.1093188 0.0698923 0.0241935 0.0134408 0.0040312 0.0851253 0.0017952 0.0358422 0.0093695
0.0188172 0.0015905 0.0143369 0.0162509 0.0094086 0.006472 0.1917558 0.1021038 0.0094086 0.0143369 0.2186375 0.1608419 0.0042674 0.0385304 0.017054 0.0098566 0.0111017
0.0506271 0.0020314 0.0474909 0.0027242 0.7544786 0.0043619 0.0201612 0.0071177 0.0170251 0.0734765 0.064068 0.0125448 0.0008188 0.0389784 0.0037006 0.0138889 0.0037793
0.7383496 0.0014645 0.032706 0.0043304 0.0828851 0.0130385 0.0268817 0.0731607 0.0094086 0.0174731 0.0138889 0.0604837 0.0114009 0.032258 0.0028187 0.0228494 0.0018739
0.0103046 0.0018109 0.0255376 0.0021573 0.1124549 0.0043147 0.033154 0.0059051 0.0201612 0.0448028 0.1008062 0.0291218 0.0020786 0.0170251 0.0019369 0.0129928 0.0024565
0.0094086 0.0077948 0.0573475 0.0413517 0.0300179 0.0446586 0.1003582 0.0079208 0.0143369 0.2706087 0.1097668 0.0685482 0.0028975 0.1017023 0.0016692 0.0143369 0.0349899
0.2029565 0.00685 0.5680991 0.0024093 0.2898739 0.001244 0.0304659 0.1310941 0.0224014 0.0094086 0.0546594 0.0089606 0.0091333 0.0407705 0.0046769 0.0192652 0.0057004
A-25
Appendices
Southern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone Sample Zone
160-3-A(7) A continued… 160-3-A(7) B continued… 160-4-A(3) B
scan 25x scan scan scan scan scan 25x scan scan 25x scan scan scan scan scan 25x
0.1093188 0.0141093 0.0206093 0.2217737 0.0125448 0.0147849 0.0112007 0.7615898 0.113799 0.0407705 0.0085664 0.0443547 0.1326162 0.8118261 0.0533153 0.0116487 0.051666
0.0120967 0.001496 0.0125448 0.0152329 0.1608419 0.0125448 0.016129 0.5362654 0.0295698 0.161738 0.0817271 0.1196234 0.0282257 0.0600357 0.0179211 0.016577 0.0342183
0.015681 0.0017952 0.0138889 0.0367383 0.0681002 0.0107527 0.09767 0.0505008 0.0273297 0.1881716 0.5667045 0.0443547 0.0533153 0.1003582 0.1232076 0.194444 0.018487
0.0103046 0.0007716 0.0416666 0.2643363 0.016129 0.0434587 0.129032 0.0129598 0.0367383 0.3803755 0.0118733 0.1594979 0.1079747 0.0134408 0.0188172 0.0179211 0.0071492
0.0129928 0.0421391 0.0241935 0.0103046 0.0112007 0.1966841 0.0958779 0.1095679 0.0295698 0.3817196 0.4106985 0.0340501 0.0241935 0.0358422 0.0519712 0.0116487 0.0343285
0.0685482 0.0152431 0.0098566 0.0241935 0.0112007 0.1433689 0.0134408 0.042517 0.6075255 0.0089606 0.0676335 0.1021503 0.0618278 0.0089606 0.4417553 0.0291218 0.1473608
0.0246415 0.0028817 0.0389784 0.015681 0.0725805 0.0107527 0.7558227 0.1382433 0.0228494 0.1469531 0.0027242 0.0210573 0.0994621 0.0407705 0.048835 0.0613798 0.1782407
0.0506271 0.0035431 0.4919344 0.0353942 0.047939 0.0268817 4.2921051 0.0096214 0.0456988 0.0268817 0.5945137 0.032706 0.0501791 0.0456988 0.2822574 0.1908598 0.0400605
0.03181 0.0022046 0.0103046 0.0120967 0.0461469 0.0703403 0.0546594 0.0326121 0.0474909 0.0533153 0.0295414 0.0304659 0.0448028 0.0125448 0.6550165 0.0152329 0.0293367
0.0098566 0.0486584 0.0277777 0.0143369 0.1187273 0.0761647 0.2580639 0.0516188 0.0129928 0.2880818 0.001433 0.0134408 0.0721325 1.474011 0.3472214 0.0837812 0.0059051
0.0174731 0.0010393 0.0125448 0.0107527 0.0277777 0.0304659 0.3458774 0.3248142 0.2974904 0.1796591 0.0033069 0.0524192 0.0452508 0.8503565 0.0846772 0.8763421 0.0397298
0.0241935 0.0028817 0.0094086 0.0515232 0.0152329 0.1075266 0.047939 0.0647833 0.0878134 0.048387 0.0270377 0.1102148 0.1066306 0.0600357 0.0246415 0.0528673 0.0122827
0.0560035 0.1809807 0.0224014 0.0273297 0.4749093 0.0371863 0.1008062 0.1023243 0.0891575 0.1008062 0.0057792 0.0125448 0.0273297 0.015681 0.1630821 0.1496412 0.0581538
0.0143369 0.0016692 0.0264336 0.0524192 0.1249997 0.0089606 0.1339603 0.0056374 0.0107527 0.0336021 0.024156 0.3521498 0.0887095 0.0913976 0.0394264 0.1182793 0.0180619
0.0143369 0.0009763 0.0094086 0.0389784 0.0120967 0.0094086 0.0515232 0.1750126 0.3001785 0.1639781 0.0202507 0.0089606 0.0112007 0.0304659 0.0107527 0.0353942 0.0400762
0.0094086 0.0077318 0.0089606 0.0725805 0.0622758 0.0174731 0.4807337 0.3324043 0.1429208 0.2876338 0.0016219 1.748652 0.0443547 0.0981181 0.2965943 0.0434587 0.0144558
0.0241935 0.0021731 0.0246415 0.0913976 0.0273297 0.0403225 0.3781354 0.0681532 0.2871857 0.3185477 0.0223608 0.0524192 0.0452508 0.1487452 0.0443547 0.0582436 0.0994426
0.0398745 0.001433 0.0273297 0.0555554 0.064964 0.0134408 0.0846772 0.223167 0.0206093 0.0362902 0.0182193 0.8158584 0.0985661 0.0658601 0.0412185 0.0170251 0.0645629
0.0707884 0.0007559 0.0134408 0.0147849 0.0112007 0.0188172 0.0219534 0.0036218 0.096774 0.0170251 0.0273211 3.1442582 0.5609306 0.0273297 0.0170251 0.0497311 0.0047084
0.0143369 0.0026455 0.0125448 0.1505373 0.0201612 0.0094086 1.068994 0.0454775 0.2329744 0.0094086 0.0159203 0.0103046 0.0224014 1.4059108 0.0241935 0.4336908 0.0311634
0.0224014 0.0041572 0.0470429 0.0300179 0.0604837 0.0891575 0.0658601 0.0168021 0.1249997 0.3046588 0.0341396 0.0470429 0.5192641 0.113799 0.4023289 0.0201612 0.1310941
0.0147849 0.0496189 0.0129928 0.0192652 0.0300179 0.0125448 0.0228494 0.0060626 0.0613798 0.1751788 0.0251165 0.0398745 0.0461469 0.015681 0.0241935 0.1603939 0.0148337
0.2352145 0.0062043 0.0138889 0.0098566 0.0152329 0.1514334 0.0586916 0.0060469 0.0107527 0.1258958 0.0057319 0.0228494 0.0143369 0.5551063 1.214155 0.0259856 0.0188177
0.0138889 0.0069917 0.0094086 0.0344981 0.032258 0.1796591 0.0255376 0.2609599 0.0179211 0.0282257 0.0631771 0.03181 0.033154 0.0246415 0.3288523 0.0416666 0.2464097
0.0277777 0.0017794 0.0116487 0.0542113 0.0604837 0.0985661 0.0286738 0.0203767 0.0779568 0.1115589 0.0561539 0.0439067 0.1003582 3.0837745 0.5896044 0.0344981 0.0152116
0.0353942 0.0112906 0.0779568 0.0210573 0.0089606 0.0143369 0.0201612 0.0165501 0.1209675 0.2638883 0.0117158 0.0394264 0.0224014 0.1438169 0.2119171 0.0094086 0.0222191
0.0192652 0.0006771 0.0094086 0.0120967 0.0094086 0.0138889 0.016129 0.0747669 0.3803755 0.0613798 0.0371945 0.0170251 0.1370965 0.1164872 0.0412185 0.0241935 0.4863788
0.0206093 0.0010551 0.081541 0.0264336 0.0439067 0.0761647 0.4148736 0.1188744 0.0842292 0.0250895 0.0907974 0.0421146 0.0434587 0.0371863 0.6411276 0.1491932 0.3081066
0.0120967 0.0075743 0.0138889 0.0147849 0.1025983 0.0282257 0.0681002 0.0902935 0.0775088 0.0734765 0.0661376 0.1075266 0.064068 0.1733867 0.0689963 0.0291218 0.0843411
0.0264336 0.0020944 0.0129928 0.0134408 0.0300179 0.0147849 0.0703403 0.0505008 0.0259856 0.2034046 0.2571649 0.0291218 0.1805552 0.0470429 0.1008062 0.0336021 0.1659266
0.0103046 0.0667045 0.0129928 0.0421146 0.0089606 0.0398745 0.0990141 0.018613 0.0707884 0.1330642 0.0266755 0.1568097 0.033154 0.0313619 0.4623646 0.0291218 0.0166289
0.0134408 0.0010078 0.0224014 0.0309139 0.0667561 0.015681 0.0143369 0.0076688 0.0371863 0.0241935 0.0308012 0.0362902 0.0376343 0.1111109 0.047939 0.0882615 0.0260928
0.0138889 0.0015275 0.0286738 0.0264336 0.0470429 0.0147849 0.9242811 0.0082672 0.032706 0.3629024 0.490662 0.0474909 0.0268817 0.2517916 0.1653222 0.0448028 0.0138731
0.0098566 0.0549887 0.0152329 0.0112007 0.0134408 0.0138889 0.0143369 0.0254787 0.016577 0.0618278 0.0283289 0.1603939 0.0618278 0.1281359 0.0103046 0.0295698 0.0164557
0.0179211 0.0019526 0.0192652 0.0107527 0.0300179 0.0138889 0.1447129 0.0914903 0.0107527 0.5067193 0.0403754 0.6975791 0.9852129 0.0304659 0.0439067 0.016129 0.0489261
0.0094086 0.0007244 0.0551074 0.0143369 0.0129928 0.2007164 0.1093188 0.0735859 0.1496412 0.064516 0.0122669 0.0134408 0.6657691 0.032258 0.1209675 0.0170251 0.3149723
0.0945338 0.0042045 0.0089606 0.0255376 0.0206093 0.1487452 0.7343174 0.0256047 0.1196234 0.4018808 0.2283321 0.0295698 0.0210573 0.0667561 0.0613798 0.032258 0.3741654
0.0232974 0.0073381 0.0170251 0.0371863 0.0259856 0.0286738 0.4516119 0.5616654 0.0461469 0.03181 0.0904982 0.0398745 0.0362902 0.0134408 0.0766127 0.032706 0.3221687
0.0900536 0.010834 0.0089606 0.0255376 0.03181 0.0188172 0.3947124 0.0032439 0.1545695 0.0255376 0.3157124 0.032258 0.0448028 0.4220421 0.0134408 0.0116487 0.154195
0.0089606 0.0007716 0.03181 0.4596764 0.0421146 0.0474909 0.0842292 0.0262661 0.0770608 0.0259856 0.0039683 0.0273297 0.0206093 0.0224014 0.0582436 0.0604837 0.0068185
0.0698923 0.002551 0.0501791 0.0089606 0.2289421 0.0170251 0.0994621 0.0092593 0.3095871 0.0103046 0.2494016 0.1500893 0.0627239 0.0255376 1.4825236 0.0555554 0.0139204
0.2316303 0.0159832 0.0129928 0.0174731 0.0089606 0.0174731 0.2956983 0.0912856 0.0129928 0.0300179 0.0205656 0.0358422 0.0761647 0.0439067 0.0210573 0.0689963 0.0389582
0.016129 0.0022833 0.0089606 0.0152329 0.1590498 0.0913976 0.0610513 0.1030464 0.0179211 0.0072436 0.064964 0.0793009 0.0138889 0.5044792 0.0246415 0.0777116
0.0116487 0.0031652 0.0174731 0.016129 0.0273297 0.0134408 0.0184398 0.1863795 0.1563617 0.0030234 0.0931898 1.0560012 0.0546594 0.0349462 0.0201612 0.017117
0.0412185 0.0018109 0.0179211 0.0344981 0.0403225 0.2513435 0.0540281 0.0367383 0.0250895 0.0156211 0.0304659 0.0120967 0.2163974 0.291218 0.1765229 0.0827035
0.7060916 0.0009921 0.0761647 0.0694443 0.0174731 0.0448028 0.0253055 0.0528673 0.1680104 0.0128181 0.1769709 0.0206093 0.0134408 0.3360208 0.016129 0.0610198
0.0716844 0.0039997 0.0138889 0.0210573 0.1577057 0.0542113 0.0045509 0.064516 0.0309139 0.0736332 0.0672042 0.8790303 0.0295698 0.1550176 0.0228494 0.0815539
0.0125448 0.0020944 0.1469531 0.0094086 0.0564515 0.0246415 0.4921107 0.0398745 0.2809134 0.0515401 0.0389784 0.1012543 0.2795693 0.1608419 0.0676522 0.2900605
0.0103046 0.035919 0.0241935 0.0098566 0.2128131 0.0981181 0.0072279 0.0376343 0.2661284 0.0477765 0.1899637 0.080645 0.2119171 0.0752686 0.0268817 0.0047084
0.0094086 0.00274 0.0206093 0.0116487 0.0125448 0.0667561 0.1462428 0.0537633 0.3499096 0.0538706 0.0864693 0.0152329 1.9619132 0.0681002 0.0295698 0.092939
0.0103046 0.1325113 0.0250895 0.0277777 0.0882615 0.0380824 0.0778376 0.0147849 0.0358422 0.0084404 0.0465949 0.0461469 0.0268817 0.0210573 0.1249997 0.0060469
0.0197132 0.0010865 0.0461469 0.0555554 0.0103046 0.0282257 0.2612591 0.0721325 0.0394264 0.0088026 6.9569737 0.0174731 0.0125448 0.1169352 0.0134408 0.1620055
0.0533153 0.006661 0.0250895 0.0094086 0.0089606 0.0129928 0.0073066 0.0192652 0.0125448 0.0450838 0.0179211 0.0685482 2.1187229 1.0739223 0.0094086 0.0218569
0.0098566 0.0110387 0.0259856 0.0273297 0.0618278 0.211021 0.0248173 0.6379914 0.0138889 0.4119898 0.6397835 0.0344981 0.3503576 0.0129928 0.032258 0.0258566
0.0228494 0.0082357 0.0716844 0.0174731 0.0174731 0.0107527 0.0076846 0.1276879 0.0887095 0.0106293 0.1375445 0.5577945 0.0600357 0.1066306 2.3113748 0.0470522
0.0138889 0.0210573 0.145609 0.0515232 0.0304659 0.0131803 0.1384406 0.436379 0.1084184 0.4390671 0.0224014 0.0412185 0.1429208 0.0443547 0.0568783
0.0116487 0.0134408 0.0103046 0.016577 0.1249997 0.0156368 0.2401428 0.3646945 0.3089569 0.0192652 0.0793009 0.3342286 0.0197132 0.0739246 0.0046296
0.0353942 0.1469531 0.0188172 0.015681 0.03181 0.0112007 0.0358422 0.0877268 0.0837812 0.0183691 0.0896055 0.2383507 0.0125448 0.1216931
0.0183691 0.0210573 0.0120967 0.0264336 0.0730285 0.0595877 0.0537633 0.0057319 4.4614596 0.1550176 0.032706 1.1559114 0.0192652 0.1045288
0.0591397 0.0219534 0.1048385 0.016129 0.16129 0.1509853 0.0179211 0.0190854 0.0215053 0.129928 0.0282257 0.5551063 0.0344981 0.2082703
0.0089606 0.0138889 0.0098566 0.0089606 0.0376343 0.4999989 0.0304659 0.9284612 0.4220421 0.0112007 0.016129 0.0421146 0.0282257 0.0141251
0.0107527 0.0112007 0.0264336 0.0250895 1.3718607 0.0304659 0.1008062 0.0079837 1.1827931 0.0304659 0.2965943 0.0143369 0.4798376 0.0660588
0.0134408 0.0228494 0.0206093 0.0107527 0.0631719 0.0188172 6.345864 0.0541226 0.0913976 7.9735485 0.0215053 0.0555554 0.0672042 0.2690224
0.0918457 0.0362902 0.0300179 0.0120967 0.0618278 0.0268817 0.1209675 0.0529888 0.0568995 0.1344083 0.033154 0.0555554 0.242831 0.0892857
0.0913976 0.0152329 0.0224014 0.0425626 0.534497 0.0103046 0.0842292 0.046375 0.0430107 0.0134408 0.0147849 0.0828851 0.0837812 0.11815
0.0206093 0.0098566 0.0089606 0.016129 0.0103046 0.2051967 0.4650527 0.0140779 0.4520599 0.42025 0.0129928 0.0174731 0.0237455 0.1212522
0.0793009 0.0448028 0.0089606 0.0385304 0.0277777 0.0120967 0.0264336 0.0612245 0.0344981 0.421594 0.0551074 0.0716844 0.113799 0.1705089
0.0497311 0.0707884 0.0147849 0.0147849 0.0905016 0.4471316 0.0819891 0.017369 0.0887095 0.1724907 0.0461469 0.0246415 0.0188172 0.0124402
0.0129928 0.065412 0.0129928 0.0828851 0.1859315 0.1388886 0.0739246 1.3146101 0.0385304 0.0336021 1.2065385 0.1151431 0.3019707 0.0191327
0.0224014 0.1084227 0.0094086 0.0600357 0.0407705 0.0192652 0.0936378 0.0044879 0.0340501 0.0403225 0.0452508 0.1097668 0.0577956 0.0127236
0.0103046 0.0403225 0.0591397 0.3015226 0.0129928 0.0385304 0.2620962 1.0538234 0.0380824 0.1263438 0.0398745 0.0430107 0.4789416 0.0225025
0.0134408 0.0371863 0.2706087 0.0143369 0.0367383 0.0125448 1.39247 0.1220396 0.0618278 0.0909496 0.1030464 0.2280461 0.2060927 0.1032691
0.0694443 0.0107527 0.0788529 0.0846772 0.4077052 0.4310026 0.0681002 0.0760897 0.0385304 0.1169352 0.064964 0.2697127 0.1644262 0.0044879
0.0631719 0.065412 0.0788529 0.0716844 0.0112007 0.0089606 0.0555554 0.0163612 0.0752686 0.1881716 0.0416666 0.0784048 0.0524192 0.1150636
0.0349462 0.0125448 0.0448028 0.0264336 0.0210573 0.0779568 0.0120967 0.0122669 0.1124549 0.1267918 0.0371863 0.0336021 0.0456988 0.0929705
0.0134408 0.0403225 0.0103046 0.0129928 0.0241935 0.0241935 0.8109301 0.0069917 0.2007164 0.0112007 1.149639 0.0224014 0.0313619 0.0726883
0.0116487 0.0112007 0.1160392 0.0170251 0.1966841 0.242383 0.9623634 0.0288486 0.4623646 1.4883479 1.0241913 0.1402327 0.0094086 0.0070074
0.0179211 0.0089606 0.0107527 0.0107527 0.3266122 0.0224014 0.1984763 0.0289116 0.162186 0.1850354 0.1245517 0.0089606 0.1326162 0.1852954
0.1196234 0.0241935 0.0716844 0.0277777 0.0152329 0.3615583 0.112903 0.0228804 0.2437271 0.0313619 0.0362902 0.0125448 0.0304659 0.0675863
0.0246415 0.0098566 0.0241935 0.0371863 0.6850343 0.0515232 0.7235647 0.0034486 0.0170251 0.2114691 0.0098566 0.0224014 0.0103046 0.3261527
0.0170251 0.0174731 0.049283 0.0224014 0.4126335 0.0336021 0.1236556 0.0147077 0.0094086 0.0627239 0.0358422 0.0147849 0.0143369 0.1005291
0.1124549 0.0434587 0.0129928 0.0125448 0.0936378 0.1698025 0.0143369 0.0183691 0.0210573 0.0703403 0.2697127 0.0134408 0.1598639
0.0143369 0.2038526 0.0250895 0.0094086 0.7011633 0.0501791 0.0577956 0.0192652 0.0179211 0.0241935 0.2065408 2.6339547 0.0327696
0.0179211 0.0259856 0.0089606 0.015681 0.0922937 0.0389784 0.1258958 0.0389784 0.0555554 0.1196234 0.0568995 0.0456988 0.0059524
0.048387 0.1196234 0.0219534 0.0546594 0.1070786 0.0443547 0.0152329 0.0582436 0.22715 0.6048374 0.0887095 0.1720426 0.4272329
0.0215053 0.016129 0.0192652 0.0103046 0.0707884 0.0703403 0.1984763 0.4350349 1.2396926 0.0174731 0.1881716 0.0407705 0.1354718
0.0519712 0.016129 0.0179211 0.0125448 0.2051967 0.0250895 0.2715048 0.7737438 0.0371863 1.3646923 0.0797489 0.0129928 0.0088341
0.0147849 0.0797489 0.0089606 0.016577 0.7016113 0.0089606 0.0255376 0.3593182 0.0147849 0.1034944 0.1608419 0.0179211 0.0150069
0.0403225 0.0385304 0.0188172 0.0143369 0.6626329 0.2051967 0.0376343 0.03181 0.0336021 0.0197132 0.0273297 0.0304659 0.0190067
0.0147849 0.0537633 0.0304659 0.0264336 0.0201612 0.0560035 0.0103046 0.0568995 0.0824371 0.033154 0.2163974 0.0241935 0.0165974
0.1729387 0.0219534 0.0591397 0.0089606 0.2374547 0.2764331 0.0112007 0.1111109 0.0125448 0.0358422 0.0568995 0.2437271 0.1102923
0.0107527 0.0170251 0.0309139 0.0112007 0.0627239 0.0689963 0.3996407 0.0855733 0.0129928 0.291666 0.0658601 0.0197132 0.2352765
0.0125448 0.7665753 0.0125448 0.0443547 0.3310925 0.0582436 0.0129928 0.2580639 0.0712364 0.2150533 0.015681 0.0116487 0.0078105
0.0188172 0.0380824 0.0716844 0.032706 0.1765229 0.0416666 0.0197132 0.0981181 0.0788529 0.03181 0.0174731 0.0631719 0.3098073
0.0138889 0.0600357 0.0152329 0.0103046 0.1756268 0.0268817 0.0336021 0.0519712 0.1760749 0.0246415 0.0089606 0.1106628 1.0276518
0.0098566 0.0125448 0.1142471 0.0138889 0.3705189 0.307347 0.0174731 0.0425626 0.1209675 0.0246415 0.0107527 0.2132612 0.0105505
0.0089606 0.0376343 0.0273297 0.03181 0.9430983 0.0658601 0.0721325 0.3490136 0.0703403 0.0089606 0.032258 0.4614685 0.017432
0.0147849 0.0398745 0.0761647 0.0371863 0.291218 0.0291218 0.0264336 1.6084193 0.0277777 0.0219534 0.0129928 0.0259856 0.7018613
0.0394264 0.0403225 0.0456988 0.0174731 0.0268817 0.1899637 0.2087809 0.4767014 0.0188172 0.015681 0.0546594 0.0275258
0.0273297 0.0371863 0.080645 0.0179211 0.1989243 0.048835 0.0147849 0.0604837 0.1245517 0.0300179 0.0380824 0.0548627
0.0192652 0.0183691 0.0313619 0.0103046 0.1178313 0.0421146 0.1742828 0.0241935 0.1854835 0.1111109 0.1190791
0.0089606 0.0474909 0.0138889 0.0143369 0.4717731 0.7715037 0.0748206 0.0246415 0.0546594 0.0094086 0.106324
0.0192652 0.1823473 0.0716844 0.0134408 0.1348563 0.0089606 0.3198918 0.1424728 0.1079747 0.1254477 0.0341081
0.0125448 0.0147849 0.2083329 0.0147849 0.0775088 0.0739246 0.0376343 1.1715924 0.0510752 0.0224014 0.3065476
0.0174731 0.0224014 0.0094086 0.2146053 0.0125448 0.0573475 0.048835 0.0940858 1.3552837 0.047939 0.0312736
0.0098566 0.0210573 0.0259856 0.1747308 0.0358422 0.0241935 0.0470429 0.032258 0.1075266 0.0277777 0.0140306
0.0120967 0.0259856 0.0313619 0.0291218 0.0407705 0.0179211 0.1357524 0.0291218 1.0887072 0.0775088 0.0088026
0.032258 0.3758952 0.0241935 0.0183691 0.0833331 0.8248189 0.80869 0.0887095 1.5492797 0.0147849 0.0321555
0.016577 0.0103046 0.0174731 0.0309139 0.0152329 0.0103046 0.1603939 1.7396915 0.032706 0.0255376 0.0059839
0.0497311 0.0725805 0.1048385 0.0268817 0.0430107 0.065412 0.1554656 0.0228494 0.0443547 0.0591397 0.4564594
0.0112007 0.1339603 0.048835 0.0577956 0.1335122 0.0268817 0.0434587 0.0430107 0.6178302 0.1196234 0.078373
Appendices
A-26
Southern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone
continued… 160-4-A(6) A continued… 160-4-A(6) B
scan 25x scan scan scan scan scan scan scan scan scan scan 25x scan 25x scan 25x
0.0201612 0.0970018 0.0237455 0.0775088 0.0519712 0.0676522 0.0828851 0.2540317 0.6218624 0.0259856 0.0179211 0.0474909 0.0244709 0.145161 0.005543 0.0367383 0.01444
1.1191731 0.0226442 0.0340501 0.0268817 0.8073459 0.0170251 0.0407705 0.0295698 0.3006266 0.1474011 0.7849445 0.048387 0.0174792 0.0573475 0.0052123 1.9126301 0.1276455
0.065412 0.0602639 0.3154115 0.0309139 0.0210573 0.0094086 0.0268817 0.0215053 0.0206093 0.0443547 0.0766127 0.065412 0.0282974 0.0206093 0.0030549 0.0515232 0.0223923
0.0358422 0.3155077 0.016129 0.0542113 0.0295698 0.0707884 0.0304659 0.0452508 0.0094086 0.0551074 0.0237455 0.0376343 0.0138889 0.0828851 0.038722 0.3521498 0.0352891
0.0103046 0.0103773 0.2562718 0.0304659 0.2688166 0.1877236 0.0147849 0.0712364 0.0094086 0.0138889 0.0958779 0.0232974 0.0122827 0.0775088 0.3671422 0.0232974 0.16484
0.2508955 0.0568626 0.0268817 0.0465949 0.1003582 0.0465949 0.0913976 0.1223116 0.064516 0.0291218 0.0152329 0.0465949 0.1933107 0.615142 0.0103616 0.6621849 0.0014487
0.0224014 0.0140464 0.064964 0.0134408 0.0667561 0.0851253 0.0873654 0.0752686 0.0224014 0.0336021 0.0147849 0.0600357 0.0190539 0.0887095 0.1656431 0.16129 0.1950113
0.1886197 0.0322184 0.0215053 0.0152329 0.0685482 0.0846772 0.1608419 0.047939 0.0273297 0.0470429 0.0094086 0.0344981 0.037478 0.0371863 0.0535557 0.2383507 0.126433
0.0237455 0.4167454 0.0389784 0.5613787 0.0116487 0.0241935 0.4314506 0.0264336 0.0219534 0.0241935 0.0094086 0.0869174 0.0031337 0.0201612 0.0037006 0.0232974 0.0204239
0.0927417 0.0102986 0.1124549 0.0264336 0.0134408 0.0094086 0.0461469 0.1975802 0.3413971 0.0909496 0.0143369 0.1415767 0.0171328 0.0631719 0.0096529 0.1070786 0.0522644
0.0295698 0.0970962 0.032258 0.0528673 0.0116487 0.1715946 0.1008062 0.1590498 0.0210573 0.0228494 0.0264336 0.0501791 0.0928131 0.1317201 0.0296989 0.0609318 0.0788139
0.0380824 0.0350844 0.1223116 0.1913078 0.1742828 0.0448028 0.0143369 0.0224014 0.307347 0.0434587 0.0380824 0.0412185 0.0625787 0.0268817 0.0030864 0.453404 0.0081885
0.065412 0.0564531 0.1801071 0.032706 0.0819891 0.1057345 0.0273297 0.033154 0.0174731 0.1424728 0.0192652 0.1653222 0.0071807 0.0201612 0.5447373 0.0268817 0.7848639
0.0192652 0.0541856 0.1541215 0.0398745 0.0134408 0.1482972 0.1191754 0.033154 0.1854835 0.1258958 0.0542113 0.0510752 0.0195893 0.0954299 0.0044407 0.1729387 0.0136684
0.1254477 0.0155896 0.0707884 0.3745511 0.0273297 0.1339603 1.052865 0.0922937 0.9211449 0.032258 0.0152329 0.0828851 0.0100466 0.680106 0.0159518 0.0268817 0.0304075
0.0210573 0.0608623 0.1348563 0.0201612 0.7217726 0.1066306 0.1765229 0.0219534 0.049283 0.0555554 0.0900536 0.2334224 0.0051493 0.1644262 0.0137944 0.048387 0.0537132
0.0120967 0.0302028 0.2060927 0.0125448 0.0277777 0.0215053 0.0228494 0.1993723 0.0349462 0.2459672 0.0237455 0.1164872 0.0052123 0.0528673 0.0181406 0.1384406 0.0246756
0.1836913 0.0271636 0.4189059 0.2065408 0.1424728 0.29077 0.0663081 0.0174731 0.0761647 0.0371863 0.0501791 0.080197 0.0160935 0.0282257 0.0046769 0.6299269 0.0756173
0.0268817 0.0137157 0.0568995 0.2486554 0.0416666 0.1258958 0.1523294 0.0206093 0.2818094 0.0439067 0.0725805 0.0232974 0.0013228 0.2379027 0.013511 0.2889778 0.4981104
0.1662183 0.2132149 0.0416666 0.0609318 0.0116487 0.0237455 0.0474909 0.0828851 0.0591397 0.0577956 0.0721325 0.1514334 0.0122669 0.4408592 0.0011338 0.0779568 0.0007086
0.0591397 0.0113536 0.1684584 0.0219534 0.0237455 0.0344981 0.0712364 0.0609318 0.1747308 0.0277777 0.0743726 0.0232974 0.0088971 0.0712364 0.0021731 0.0340501 0.0081727
0.1258958 0.0044407 0.1366484 0.0273297 0.1684584 0.0954299 0.0757167 0.0259856 0.1680104 0.4417553 0.0237455 0.0232974 0.0061728 0.0712364 0.1636747 0.1886197 0.2114512
0.0188172 0.0045824 0.0170251 0.0170251 0.0371863 0.2522396 0.0250895 0.436379 0.0470429 0.0309139 0.0739246 0.0416666 0.0347852 0.1303761 0.0071807 0.1218635 0.0024093
0.0309139 0.0421391 0.0183691 0.0094086 0.0600357 0.0963259 0.0689963 0.0421146 0.1025983 0.0094086 0.2343185 0.0878134 0.0015905 0.0232974 0.1955782 0.2195336 0.0134795
0.0192652 0.0122354 0.0094086 0.0730285 0.0416666 0.0595877 0.0313619 0.0143369 0.5533142 0.0134408 0.1160392 0.064964 0.0113694 0.0900536 0.0604056 0.1106628 0.0050548
0.0228494 0.0116056 0.0353942 0.0465949 0.0273297 0.3655906 0.0672042 0.0228494 0.0595877 0.0134408 0.0349462 0.049283 0.0228804 0.0232974 0.1403219 0.0793009 0.0025195
0.0089606 0.2184114 0.0201612 0.0116487 0.0730285 0.0215053 0.0197132 0.3203398 0.1039424 0.032706 0.0259856 0.1317201 0.012015 0.1312721 0.0027557 0.1379925 0.1167171
0.0291218 0.1281966 0.0215053 0.0170251 0.1151431 0.1276879 0.3194437 0.146505 0.0394264 0.1603939 0.1760749 0.0430107 0.0143298 0.3808235 0.0043147 1.2737427 0.5978993
0.0098566 0.030691 0.0533153 0.0259856 0.0147849 0.0398745 0.0362902 0.129928 0.081541 0.0681002 0.1227596 0.0434587 0.002488 0.0542113 0.0055902 0.0201612 0.0230852
0.0456988 0.0497134 0.0232974 0.1308241 0.1079747 0.2647844 0.4879021 0.0533153 0.0134408 0.1402327 0.0291218 0.1863795 0.0176682 0.033154 0.0088183 0.0913976 0.0007086
0.0183691 0.1209215 0.0577956 0.0264336 0.1532255 0.0380824 0.1088707 0.0439067 0.112903 0.0407705 0.0443547 0.049283 0.0022518 0.2047486 0.0400762 0.0676522 0.0028817
0.1214155 0.0293997 0.4825258 1.2647821 0.4265223 0.0407705 0.0362902 0.1070786 0.2083329 0.1402327 0.0618278 0.0336021 0.0388165 0.0582436 0.0166131 0.9054639 0.2174351
0.015681 0.0238568 0.1357524 0.0604837 0.0412185 0.064964 0.3593182 0.1120069 0.0192652 0.0232974 0.0568995 0.0313619 0.0065823 0.1321682 0.0184398 0.064964 0.0289746
0.7414858 0.0758377 0.1348563 0.0210573 0.0116487 0.048835 0.1196234 0.0300179 0.2195336 0.0192652 0.0224014 0.0936378 0.0653502 0.1173833 0.0894589 0.0577956 0.0009291
0.1263438 0.0107552 0.0927417 0.2177414 0.1550176 0.0439067 0.0394264 0.2087809 0.4444435 0.4108414 0.2293902 0.0591397 0.0098262 0.2361106 0.0160305 0.4220421 0.0574452
0.0179211 0.3197436 0.2970423 0.8965034 0.0237455 0.1635301 0.0125448 0.0631719 0.0873654 0.1518814 0.0304659 0.0313619 0.0104718 0.09767 0.0416509 0.0837812 0.0164557
0.0134408 0.0578861 0.0560035 0.0851253 0.502687 0.0094086 0.0465949 0.0353942 0.0179211 0.1281359 0.032706 0.0264336 0.0388165 0.0456988 0.0069759 0.2571679 0.0008818
0.0116487 0.0117158 0.1388886 0.0295698 0.049283 0.0313619 0.5080634 0.0846772 0.0210573 0.4413073 0.2199816 0.0730285 0.0113536 0.047939 0.0172588 0.6505362 0.0125976
0.0250895 0.0875535 0.193548 0.0613798 0.0533153 0.0188172 0.0259856 0.4560922 0.0766127 0.0560035 0.0259856 0.0443547 0.0766093 0.2150533 0.0056374 0.242383 0.010582
0.096774 0.0422651 0.1586018 0.0313619 0.0497311 0.1989243 0.0206093 0.2302862 0.0336021 0.048387 0.0174731 0.0873654 0.003732 0.065412 0.0955215 0.2459672 0.0797745
0.0112007 0.0876953 0.0255376 0.0241935 0.4180098 0.2535837 0.0094086 0.3113792 0.03181 0.0577956 0.1922039 0.0304659 0.0031494 0.2047486 0.0066767 0.1276879 0.1083239
0.0210573 0.0108182 0.1868275 0.0295698 0.0210573 0.0201612 0.0564515 0.015681 0.0448028 0.0551074 0.0125448 0.0232974 0.0007086 0.0376343 0.0975057 0.0201612 0.0043462
0.0232974 0.0432099 0.0228494 0.0694443 0.4359309 0.1666663 0.1017023 0.0828851 0.0309139 0.0882615 0.4968627 0.1093188 0.021164 0.1411287 0.0195736 0.1008062 0.0232269
0.0546594 0.0144085 0.3575261 0.1572577 0.0519712 0.0685482 0.1442649 0.0537633 0.0519712 0.0636199 0.0595877 0.0264336 0.060012 0.0376343 0.0122354 0.0201612 0.0056847
0.0286738 0.1594545 0.2280461 0.1191754 0.0183691 0.5322569 0.0277777 0.033154 0.1303761 0.1433689 0.0228494 0.1066306 0.0169123 0.0913976 0.0057477 0.7396937 0.4963624
0.0215053 0.0129283 0.1474011 0.2226698 0.2051967 0.2482073 0.0255376 0.551074 0.0497311 0.3418451 0.2025085 0.0439067 0.0145503 0.2289421 0.0194791 7.2455035 0.0299194
0.112903 0.5064405 0.0179211 0.1415767 0.3615583 0.1720426 0.0748206 0.0273297 0.0358422 0.03181 0.03181 0.1075266 0.0180933 0.0739246 0.0127551 0.2146053 0.0022203
0.1075266 0.0124087 0.0094086 0.096774 0.1536735 0.0309139 0.0533153 0.0452508 0.065412 0.6594967 0.1308241 0.0918457 0.0410998 0.0842292 0.00822 0.1689064 0.1306374
0.1433689 0.0298091 0.1639781 0.324372 0.0291218 0.2365586 0.0385304 0.0376343 0.1303761 0.0120967 0.1151431 0.3279563 0.0136212 0.047939 0.0083932 0.2307343 0.005228
0.0268817 0.010582 0.0591397 0.0094086 0.0497311 0.016129 0.032706 0.0241935 0.2558238 0.0201612 0.016129 0.0264336 0.0044249 0.0999102 0.001181 0.0940858 0.0128653
0.1406807 0.0304705 0.0246415 0.048387 0.0510752 0.0210573 0.1097668 0.0255376 0.0255376 0.0147849 0.4780455 0.0609318 0.0370843 0.0295698 0.0109757 0.0268817 0.0028345
0.0094086 0.0579491 0.0210573 0.1854835 0.0237455 0.0313619 0.1500893 0.0094086 0.0201612 0.1662183 0.0309139 0.0900536 0.0050705 0.0721325 0.0170225 0.0896055 0.005417
0.1317201 0.0242032 0.1868275 0.0291218 0.5887084 0.1747308 0.0224014 0.0134408 0.0537633 0.081093 0.0940858 0.0586916 0.0089758 0.1581538 0.0202664 0.0510752 0.0014645
0.033154 0.0546107 0.1335122 0.0250895 0.3364688 0.0627239 0.2459672 0.0192652 0.0295698 0.1393366 0.0349462 0.0465949 0.0420446 0.0394264 0.208979 0.5784037 0.0037006
0.0094086 0.0578389 0.0116487 0.0340501 0.0116487 0.0219534 0.0277777 0.0094086 0.0246415 0.1017023 0.0152329 0.0501791 0.0097789 0.0497311 0.0064563 0.0367383 0.0341868
0.1308241 0.0925139 0.0672042 0.0116487 0.0224014 0.0094086 0.047939 0.0179211 0.032706 0.0546594 0.2204296 0.0958779 0.0157313 0.0685482 0.0472096 0.0837812 0.0018896
0.5246404 0.05839 0.016129 0.0461469 0.2132612 0.0362902 0.0922937 0.0183691 0.0197132 0.0255376 0.0510752 0.0082357 0.388888 0.0055587 0.0963259 0.0177154
0.0752686 0.0116843 0.3019707 0.0125448 0.016129 0.0542113 0.0474909 0.0443547 0.3225799 0.1075266 0.1241037 0.0882307 0.0291218 0.006409 0.0201612 0.0045194
0.0510752 0.0034329 0.1066306 0.0582436 0.0380824 0.0224014 0.0255376 0.0309139 0.0192652 0.0277777 0.1841394 0.0090231 0.0851253 0.0146605 0.0304659 0.0010078
0.0542113 0.0069917 0.3754472 0.1559136 0.5896044 1.1541193 0.0304659 0.0183691 0.0094086 0.0380824 0.0945338 0.0033384 0.0340501 0.0016849 0.0232974 0.0016692
0.0698923 0.0170383 0.0604837 0.0094086 0.0291218 0.809586 0.0465949 0.0295698 0.0524192 0.0434587 0.0465949 0.036974 0.0555554 0.0042202 0.5040311 0.0054012
0.0282257 0.0294155 0.1052865 0.0304659 0.0497311 0.0340501 0.16129 0.048387 1.0425604 0.1339603 0.0837812 0.0034171 0.0887095 0.1824924 0.0685482 0.0135582
0.1281359 0.0587994 0.0094086 0.0206093 0.0197132 0.0443547 0.2741929 0.0094086 0.0681002 0.0340501 0.0761647 0.0055115 0.1052865 0.002677 0.0398745 0.02403
0.0394264 0.0130543 0.0134408 0.0336021 0.1115589 0.0224014 0.1151431 0.146505 0.047939 0.2486554 0.1827953 0.0460443 0.0376343 0.0040312 0.1975802 0.0018896
0.0152329 0.0841364 0.2419349 0.129928 0.0542113 0.0179211 0.1034944 0.0170251 2.3328801 0.0309139 0.0694443 0.001307 0.1209675 0.0576184 0.0295698 0.0211325
0.323476 0.0190854 1.1585996 0.3360208 0.0116487 0.3974005 0.0215053 0.0775088 0.0143369 0.2853936 0.0349462 0.0637125 0.1518814 0.0007086 0.1447129 0.005543
0.1321682 0.034801 0.2576159 0.0116487 0.129032 0.4892462 0.0721325 0.1106628 0.0116487 0.2155013 0.0358422 0.0152431 0.0295698 0.0026927 0.0371863 0.4820326
0.0622758 0.0218884 0.0094086 0.307347 0.0129928 0.033154 0.1276879 0.4646047 0.0250895 0.0277777 0.3969525 0.0237308 0.1689064 0.0104088 0.2029565 0.0032754
0.0636199 0.0354781 0.6111097 0.0237455 0.0237455 0.0515232 0.0309139 0.1021503 0.0094086 0.0197132 0.0555554 0.0038895 0.1953401 0.1980978 0.1666663 0.0004882
0.0170251 0.0154793 0.0439067 0.1025983 0.6196223 0.2970423 0.2222217 0.0555554 0.0358422 0.0958779 0.1980282 0.0334625 0.0707884 0.0084877 0.3266122 0.2982647
0.1469531 0.0182823 0.0528673 0.0143369 0.0268817 0.0407705 0.0255376 0.0784048 0.0094086 0.0120967 0.0295698 0.0344703 0.0264336 0.0030077 0.0232974 0.0015905
0.0577956 0.0044249 0.0990141 0.0340501 0.1644262 0.0116487 0.3185477 0.033154 0.4466836 0.016129 0.3870959 0.0857741 0.3176516 0.004236 0.1554656 0.0203294
0.0985661 0.0068185 0.4435474 0.1814512 0.0586916 0.1057345 0.0313619 0.0519712 0.2289421 0.0143369 0.6079736 0.0110702 0.0407705 0.0059366 0.0313619 0.0118103
0.16129 0.006787 0.016129 0.0510752 0.1124549 0.2329744 0.080197 0.0730285 0.0349462 0.0250895 0.1810032 0.0365804 0.0582436 0.0388794 0.0385304 0.001118
0.0784048 0.0439972 0.0582436 0.4229381 0.3839597 0.3508057 0.0107527 0.0501791 0.0712364 0.0094086 0.146057 0.0243607 0.210125 0.0008188 0.2692646 0.0003307
0.1348563 0.0951751 0.0439067 0.0313619 0.1142471 0.0927417 0.4565402 0.0416666 0.0143369 0.0779568 0.2195336 0.0472884 0.0456988 0.0167549 0.4148736 0.0219671
0.0179211 0.0246126 0.9493706 0.0170251 0.1532255 0.0179211 0.0376343 0.0134408 0.0232974 0.0264336 0.0474909 0.1035368 0.0201612 0.0033226 0.0201612 0.0020156
0.0291218 0.0131803 0.0344981 0.0255376 0.0555554 1.2930079 0.048835 0.5743715 0.193996 0.047939 0.0407705 0.0127551 0.0600357 0.0029762 0.0627239 0.0067397
0.1160392 0.0106135 0.162186 0.0358422 0.1218635 0.0757167 0.3499096 0.0336021 0.0519712 0.0703403 0.5869163 0.0050233 0.1630821 0.0117473 0.0586916 0.0667517
0.5268805 0.3155549 0.1438169 0.5882603 0.0286738 0.0994621 0.0232974 0.0421146 0.6953389 0.0094086 0.1043904 0.0012598 0.1088707 0.0064405 0.1348563 0.0094325
0.0313619 0.0354938 0.16129 0.1850354 0.0273297 0.2732969 0.0949819 0.0259856 0.0219534 0.0452508 0.0555554 0.0110387 0.1164872 0.0022046 0.0268817 0.0289116
0.3328846 0.0301556 0.0277777 0.6536724 0.1187273 0.1756268 0.339605 0.0188172 0.1012543 0.1088707 0.0385304 0.0469577 0.004236 1.3351225 0.0003307
0.1079747 0.0365489 0.0228494 0.0300179 0.1393366 0.3301964 0.0846772 0.1424728 0.047939 0.1388886 0.4422033 0.094498 0.0011338 0.1353044 0.0073381
0.0224014 0.0585632 0.2240138 1.3700686 0.0138889 0.049283 0.0456988 0.0094086 0.0147849 1.9731139 0.0465949 0.4170918 0.0075271 0.7679194 0.3399156
0.064068 0.0407376 0.080645 0.0188172 0.0658601 0.0094086 0.0237455 0.4162177 0.0094086 0.0905016 0.0591397 0.0840105 0.0059996 0.3982966 0.2285998
0.0824371 0.0191012 0.8844066 0.0134408 0.0367383 0.2172934 0.0304659 0.0828851 0.3306444 0.016129 0.3046588 0.0306122 0.0141093 0.0524192 0.1366213
0.0116487 0.0110859 0.0510752 0.081541 0.1326162 0.0564515 0.2060927 0.0564515 0.0918457 0.032706 0.2652324 0.009527 0.0312264 0.1433689 0.095742
0.0237455 0.1139928 0.0954299 0.0300179 0.1554656 0.0909496 0.1720426 0.0448028 0.0210573 0.0210573 0.0304659 0.0348325 0.0091018 0.0439067 0.0083617
0.0215053 0.0533352 0.0210573 0.6438158 0.0349462 0.0143369 0.081541 0.0094086 0.3915762 0.129032 0.2258059 0.0854119 0.0229277 0.1111109 0.0019684
0.0094086 0.0949861 0.0931898 0.113351 0.0891575 0.0586916 0.016129 0.3279563 0.2181895 0.1043904 0.7069877 0.0631456 0.2179075 0.0232974 0.0032754
0.0560035 0.0667989 0.0313619 0.0215053 0.1187273 0.0125448 0.0855733 0.4135295 0.3767913 0.178315 0.1236556 0.0748142 0.0046769 0.0506271 0.215262
0.0725805 0.0343443 0.0591397 0.0174731 0.3929203 0.0501791 0.1303761 0.048387 0.0116487 0.0627239 0.177419 0.0101096 0.0100309 0.0515232 0.0026455
0.1223116 0.0705467 0.0425626 0.4198019 0.777328 0.0143369 0.0412185 0.1124549 0.0259856 0.292114 0.3902321 0.0445484 0.0027242 0.0775088 0.0023621
0.4941745 0.0912856 0.0385304 0.1214155 0.0094086 0.048387 0.1321682 0.0241935 0.0134408 0.0147849 0.178315 0.0476348 0.0145818 0.0264336 0.0350844
0.080645 0.0180146 0.048387 0.0192652 0.1335122 0.0698923 0.0125448 0.0855733 0.0412185 0.0340501 0.0385304 0.0030707 0.0265023 0.0412185 0.4751827
0.0367383 0.0106765 0.0300179 0.0232974 0.0501791 0.0309139 0.0618278 0.0824371 0.0192652 0.0094086 0.0353942 0.0918052 0.0095112 0.7567187 0.0129283
0.0376343 0.0044722 0.7298371 0.938618 0.0116487 0.4767014 0.0255376 0.0094086 0.0264336 0.1120069 0.1577057 0.0138259 0.0111804 0.0380824 0.5843726
0.0376343 0.0586916 0.3167556 0.0891575 0.1738347 0.0170251 0.0273297 0.048835 0.2016125 0.3991927 0.1142448 0.002425 0.1482972 0.0057634
0.1877236 0.0568995 0.0143369 0.0533153 0.0215053 0.047939 0.0116487 0.0224014 0.0094086 0.0232974 0.0019054 0.0788139 0.0340501 0.0022518
0.0255376 0.0183691 0.0412185 0.2163974 0.0672042 0.0461469 0.0519712 0.0878134 0.0309139 0.1478491 0.0431311 0.0772865 2.2723964 0.0624528
0.0143369 0.0990141 0.0609318 0.4301066 0.032706 0.1769709 0.0918457 0.0228494 0.0228494 0.0439067 0.006724 0.0686728 0.1249997 0.702318
0.0232974 0.0286738 0.0448028 0.0555554 0.0094086 0.3194437 0.3042108 0.0398745 0.097222 0.2822574 0.0062673 0.0062516 0.4417553 0.0020629
0.3378129 0.0407705 0.3463254 0.0188172 0.0268817 0.1769709 0.0291218 0.0116487 0.1496412 0.0734765 0.165029 0.0031022 0.0259856 0.0122197
0.1541215 0.0546594 0.0362902 0.2253579 0.323924 0.1742828 0.1339603 0.033154 0.0224014 0.0434587 0.0916005 0.0010078 0.2235658 0.0051335
0.0497311 0.0403225 0.0309139 0.0353942 0.0116487 0.0425626 0.5215042 0.0833331 0.0685482 0.0456988 0.0093852 0.0123614 0.0201612 0.0005984
0.0362902 0.0116487 0.2307343 0.0407705 0.0210573 0.0344981 0.049283 0.0094086 0.0232974 0.1447129 0.0711609 0.0089601 0.0456988 0.0030077
0.0219534 0.0241935 0.0340501 1.3086888 0.0739246 0.0474909 0.0448028 0.0882615 0.0380824 0.0766127 0.087711 0.0979151 0.0497311 0.200696
0.1411287 0.0291218 0.0430107 1.0577933 0.0577956 0.1030464 0.1303761 0.0116487 0.6106617 0.0394264 0.020172 0.0022833 0.6733856 0.0880732
0.0286738 0.5797478 0.0116487 0.1366484 0.0116487 0.6012531 0.0134408 0.1370965 0.0232974 0.0340501 0.0033541 0.0028187 0.065412 0.0003307
0.0116487 0.1191754 0.0116487 0.0456988 0.0573475 0.0286738 0.1043904 0.0882615 0.1554656 0.0295698 0.0063303 0.0365016 0.2240138 0.0003307
0.0878134 0.048835 0.0618278 0.015681 0.1093188 0.2020605 0.0241935 0.0210573 0.0125448 0.0313619 0.0671611 0.0156211 0.0524192 0.0088341
A-27
Appendices
Southern cone- Images analyzed with Matlab routine (Shea et al., 2009)
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone Sample Zone
continued… 160-5-A(2) A continued… 160-5-A(2) B continued… 160-5-A(2) C continued…
scan 25x scan scan 25x scan scan 25x scan 25x scan scan scan scan scan 25x scan 25x
0.3051068 0.0212428 0.0385304 0.112903 0.1869489 0.0210573 0.0134408 0.0440917 0.0412185 0.0094797 0.3189957 0.0416666 0.032706 0.0210573 0.0667561 0.0029604 0.1375445 0.0016534
0.0676522 0.0107395 0.0340501 0.0152329 0.0142038 0.0094086 0.0394264 0.001244 0.0707884 0.0361709 0.1008062 0.0152329 0.0434587 0.0748206 0.1532255 0.0418714 0.0340501 0.0008188
0.1536735 0.3077444 0.6043893 0.015681 0.0141566 0.3458774 0.1057345 0.0029919 0.0864693 0.0605001 0.0389784 0.2060927 0.0219534 0.145609 0.3158595 0.4301934 1.3861976 0.0096687
0.0560035 0.0669722 0.0232974 0.0300179 0.0308012 0.1079747 0.0210573 0.0043934 0.0241935 0.0059996 0.1738347 0.0918457 0.0116487 0.874102 0.0604837 0.0198098 0.4982068 0.050737
0.2679205 0.0819948 0.0371863 0.0707884 0.042454 0.0577956 0.1917558 0.0253527 0.0349462 0.1440224 0.0228494 0.0380824 0.3306444 0.4063611 0.0134408 0.0063618 0.0470429 0.0137157
0.0721325 1.7432445 0.0707884 0.0291218 0.0263605 0.047939 0.0116487 0.0011338 0.0241935 0.0070704 0.0210573 0.0188172 0.049283 0.3284043 0.048835 0.0079523 0.1420248 0.0303603
0.1330642 0.0009448 0.7016113 0.0152329 0.0174162 0.0542113 0.0300179 0.0618071 0.178315 0.0272109 0.0143369 0.0300179 0.0864693 0.0094086 0.1689064 0.0156368 0.0183691 0.0305808
0.9180087 0.0006456 0.0344981 0.0398745 0.0140149 0.0246415 0.0197132 0.0053697 0.0371863 0.0431154 0.0434587 0.047939 0.0192652 0.0349462 0.0689963 0.0007086 0.0241935 0.0086294
0.0268817 0.0525636 0.0376343 0.016129 0.0375724 0.0403225 0.0568995 0.9558296 0.3660386 0.0055587 0.0094086 0.0927417 0.0094086 0.0273297 0.0376343 0.0780738 0.0300179 0.3559776
0.1482972 0.0037793 0.0268817 0.1527774 0.3256173 0.016577 0.0394264 0.0012283 0.0143369 0.0771762 0.2643363 0.4955186 0.3306444 0.2123651 0.0376343 0.0883881 0.03181 0.1676272
0.0268817 0.0003307 0.0385304 0.0232974 0.0631456 0.0179211 0.0152329 0.0007086 0.0600357 0.0018267 0.5546583 0.9780444 0.3749992 0.0560035 0.0636199 0.027951 0.2665765 0.0009448
1.0725782 0.0088498 0.4005367 0.2679205 0.071901 0.0129928 0.0206093 0.0026455 0.0273297 0.0058579 0.0201612 0.0367383 0.0725805 1.1603917 0.0094086 0.1011432 0.0591397 0.0670037
1.5519679 0.2743134 0.0380824 0.0098566 0.0615709 0.033154 0.1258958 0.2514802 0.0385304 0.0048028 0.015681 0.1469531 0.0134408 0.3015226 2.5676466 0.0744678 0.016129 0.1004976
0.0201612 0.0148967 0.0591397 0.0250895 0.015873 0.1854835 0.0192652 0.0231324 0.0170251 0.0297304 0.0497311 0.1639781 0.1980282 0.0604837 0.097222 0.0877425 0.7831524 0.0435721
0.0636199 0.0003307 0.0358422 0.0152329 0.0944192 0.0358422 0.016129 0.5154793 0.0183691 0.0012125 0.2226698 0.0201612 0.0134408 0.0192652 0.0215053 0.3873142 0.033154 0.0025825
0.0940858 0.0087396 0.0201612 0.0524192 0.1120559 0.0627239 0.0094086 0.0081255 0.1066306 0.00137 0.0470429 0.4413073 0.210125 0.0134408 0.0416666 0.2974931 0.0470429 0.025274
0.5734754 0.0085349 0.1245517 0.1594979 0.0103143 0.0246415 0.0134408 0.1466364 0.081541 0.0495244 0.0344981 0.1048385 0.0739246 0.0134408 0.1146951 0.0012598 0.2656804 0.0736961
0.5604826 0.0151014 0.2567199 0.0116487 0.0078893 0.0757167 0.0887095 0.8132716 0.0918457 0.0962774 0.0188172 0.2334224 0.0313619 0.2804653 1.1603917 0.1341018 0.0349462 0.1734851
0.1693545 0.0046296 0.0385304 0.2620962 0.0321082 0.0465949 0.0546594 0.0321397 0.032258 0.0316988 0.1509853 0.162186 0.0766127 0.1922039 0.9189048 0.0561539 0.0179211 0.1690445
0.1169352 0.0035746 0.0465949 0.1366484 0.1578326 0.1662183 0.3346767 0.0066295 0.0094086 0.2376228 0.0689963 0.0362902 0.0403225 0.0461469 0.0134408 0.150148 0.3046588 0.0413202
0.3611103 0.0005039 0.0515232 0.0183691 0.0152274 0.0958779 0.0116487 0.0072751 0.0215053 0.0677123 0.0116487 0.2132612 0.048387 0.1886197 0.032258 0.0855537 0.0336021 0.0205656
0.0268817 0.0019054 0.3055549 0.0286738 0.1663517 0.081541 0.0107527 0.0341711 0.1975802 0.0124717 0.0259856 0.032706 0.177867 0.0094086 0.0259856 0.0035431 0.0846772 0.4817807
3.3140607 0.0333995 0.0703403 0.0116487 0.012141 0.0313619 0.0295698 0.0010393 0.0116487 0.1045603 0.032258 0.0860213 0.3301964 0.0094086 0.3337806 0.4873394 0.599461 0.0444224
0.0882615 0.0077318 0.0232974 0.0362902 0.1512188 0.0134408 0.2804653 0.0331003 0.0385304 0.0187862 0.1236556 0.0367383 0.0201612 0.032706 0.2719528 0.0014645 0.0232974 1.0662635
0.0470429 0.0239512 0.1084227 0.0717593 0.0170251 0.0456988 0.0491623 0.0232974 0.0013857 0.0094086 0.1241037 0.0116487 0.6702494 0.3140674 0.2513857 0.0878134 0.0140306
0.842292 0.0003307 0.032258 0.0139204 0.0371863 0.3808235 0.0205656 0.065412 0.1280707 0.0389784 0.0560035 0.032706 0.0376343 0.0604837 0.0032281 0.0228494 0.199326
0.1254477 0.001244 0.0618278 0.0657754 0.0183691 0.0241935 0.3263259 0.6487441 0.0311162 0.0179211 0.03181 0.0116487 0.0116487 0.1751788 0.0026927 0.8853027 0.1341963
0.5465938 0.1329365 0.0116487 0.029195 0.0134408 0.0224014 0.0288171 0.0232974 0.0016062 0.0439067 0.1554656 0.048835 0.0250895 0.0600357 0.0009291 0.2715048 0.0974899
0.129928 0.0201877 0.0259856 0.0121882 0.0739246 0.0103046 0.012141 0.0116487 0.0056217 0.0268817 0.064964 0.2576159 0.0336021 1.020159 0.0017007 0.0349462 0.0039525
0.308243 0.0033541 0.0094086 0.0251323 0.0407705 0.0215053 0.0240457 0.0497311 0.0074483 0.0152329 0.0094086 1.3996385 0.0134408 0.1281359 0.0766881 0.016129
0.0201612 0.0498236 0.1765229 0.0121882 0.0551074 0.096774 0.0395408 0.0376343 0.3022959 0.0094086 0.8651414 0.0094086 0.0985661 0.113799 0.0097002 0.0134408
0.0201612 0.0147077 0.064964 0.0548784 0.0936378 0.0094086 0.001181 0.0174731 0.0032911 0.0273297 0.1702505 0.1151431 1.7558205 0.0219534 0.0249748 0.0232974
0.0591397 0.0129441 0.0192652 0.0078578 0.0125448 0.1142471 0.0009133 0.015681 0.1115835 0.0183691 0.1308241 0.0443547 0.0828851 0.7334213 0.0066453 0.3597662
0.0268817 0.0039683 0.064068 0.1870906 0.0201612 0.0134408 0.059823 0.0094086 0.1453767 0.0094086 0.3709669 0.1568097 0.1514334 0.0380824 0.0397613 0.4762534
0.3776873 0.0516345 0.2831535 0.0102513 0.0842292 0.0201612 0.0259039 0.0094086 1.4062894 0.0398745 0.0931898 0.0152329 0.0197132 0.0439067 0.0195421 0.0264336
0.1025983 0.0100939 0.0739246 0.1145597 0.0779568 0.0152329 0.0016849 0.0430107 0.0014172 0.0116487 0.0340501 0.0125448 0.0456988 0.1971322 0.0077318 0.6169341
0.7432779 0.0017479 0.3758952 0.1865709 0.1223116 0.0456988 0.001244 0.0582436 0.0009133 0.0094086 0.0250895 0.0416666 0.0385304 0.0573475 0.0020786 0.0210573
0.1232076 0.0322342 0.0833331 0.1732017 0.0197132 0.1715946 0.0196208 0.0949819 0.2433233 0.0255376 0.0336021 0.0215053 0.0636199 0.0636199 0.0084877 0.0268817
0.1594979 0.014377 0.016129 0.1255669 0.016129 0.0524192 0.0197783 0.0887095 0.010582 0.0228494 0.0465949 0.1379925 0.0936378 0.0116487 0.0007086 0.048387
0.323028 0.0332577 0.3861999 0.037289 0.016129 0.0277777 0.0367851 0.1747308 0.014881 0.0703403 0.0389784 0.3194437 0.0094086 0.3709669 0.0056847 0.2544797
0.2302862 0.004173 0.2222217 0.1061823 0.0152329 0.0533153 0.0301871 0.0273297 0.0008188 0.1653222 0.4802857 0.0873654 0.7087798 0.3418451 0.0682004 0.0685482
0.1393366 0.0003307 0.0094086 0.0280297 0.1917558 0.0013542 0.0152329 0.0007086 0.0116487 0.0183691 0.1267918 0.0551074 0.0465949 0.0559177 0.2217737
0.0232974 0.0023463 0.0591397 0.0304075 0.1684584 0.0152431 0.0201612 0.0606261 0.0224014 0.6245506 0.0398745 0.016129 0.032258 0.0362024 0.1998203
0.0757167 0.0094086 0.0636199 0.0773967 0.0403225 0.01855 0.1518814 0.0349462 0.0604837 0.0349462 0.0349462 0.2738883 0.0824371
0.1348563 0.0564515 0.0376343 0.0012755 0.3194437 0.0046611 0.0273297 0.0143369 0.2365586 0.0707884 0.03181 0.0165501 0.0116487
0.0201612 0.0501791 0.0443547 0.0407691 0.0313619 0.2024912 0.032258 0.0174731 0.2629922 0.0927417 0.0524192 0.0145503 0.0618278
0.8225788 0.0094086 0.0398745 0.2563146 0.0376343 0.0625472 0.1756268 0.0116487 0.0555554 0.1043904 0.3920242 0.0911754 0.7298371
0.7271489 0.096774 0.0152329 0.0963089 0.469533 0.0258881 0.0094086 0.0219534 0.0443547 0.1971322 0.1061826 0.0014802 0.7249088
0.3552859 0.0215053 0.3503576 0.0022676 0.112903 0.0189752 0.0663081 0.0210573 0.0134408 0.032258 0.0116487 0.3729844 0.3028667
0.1187273 0.0094086 0.1366484 0.0026298 0.0456988 0.1224962 0.177419 0.7177403 0.0927417 0.0537633 0.0824371 0.0017637 0.0206093
0.5810919 0.080197 0.016129 0.029195 0.0094086 0.0313838 0.0497311 0.1675623 0.032258 0.1827953 0.0295698 0.0007086 0.0994621
0.080645 0.1590498 0.049283 0.0008818 0.0362902 0.009149 0.0237455 0.0712364 0.0398745 0.0116487 0.0389784 0.069287 0.0259856
0.0685482 0.1281359 0.3207878 0.0036376 0.0094086 0.0113851 0.0582436 0.0138889 0.2146053 0.0604837 0.0094086 0.0007086 0.1411287
0.2356626 0.0344981 0.0246415 0.0060154 0.016129 0.6817366 0.0192652 0.0116487 0.0250895 0.2092289 0.1424728 0.0017637 0.0152329
0.0497311 0.0215053 0.0224014 0.0046139 0.0268817 0.6775479 0.0672042 0.0264336 0.0528673 0.1886197 4.0770518 0.3034769 0.0201612
0.0846772 0.4220421 0.0179211 0.001244 0.1729387 0.0301871 0.016129 0.0936378 0.3113792 0.0192652 0.0362902 0.003984 0.6832422
4.047482 0.0179211 0.0116487 0.0920572 0.0515232 0.0294942 0.0949819 0.0255376 0.0264336 0.0353942 0.2567199 0.003795 0.7428299
0.0268817 0.0618278 1.247309 0.0085191 0.0277777 0.0076688 0.0376343 0.1832433 0.1854835 0.0707884 0.7822563 0.0033541 0.5837801
0.0694443 0.0712364 0.0116487 0.0023621 0.1061826 0.0025038 0.0197132 0.0116487 0.1420248 0.0309139 0.0470429 0.0551934 0.0613798
0.0367383 0.049283 0.0134408 0.0014645 0.2029565 0.0091018 0.1904118 0.032706 0.1232076 0.0819891 1.1160369 0.0190854 1.2334202
0.0945338 0.0143369 0.5398733 0.0081412 0.0376343 0.0040312 0.0138889 0.1272399 0.5134397 0.0439067 0.0524192 0.0422021 0.0716844
0.0784048 0.0125448 0.0295698 0.1045446 0.113351 0.2797304 0.0094086 0.0250895 0.0663081 0.0282257 0.064516 0.0110859 0.1330642
0.0833331 0.0564515 0.0577956 0.0163297 0.1518814 0.0310532 0.0506271 0.7979373 0.2410389 0.0389784 1.8082397 0.0011653 0.1097668
0.3485655 0.0452508 0.0237455 0.0741213 0.0465949 0.0234473 0.0524192 0.0224014 0.0448028 0.3163075 0.1890677 0.1514865 0.1155911
0.064516 0.0116487 0.3422931 0.0066138 0.0138889 0.0114166 0.0712364 0.5116476 0.0120967 0.0528673 0.5421135 0.0009133 0.9484746
0.0232974 0.0353942 0.2522396 0.0210538 0.064516 0.0571775 0.0873654 0.3440853 0.0188172 0.0116487 0.2007164 0.0048973 0.2939062
1.9484724 1.2849434 0.0094086 0.0605946 0.3310925 0.0084877 0.0116487 0.0094086 0.129032 0.2598561 0.0170251 0.4326499 0.047939
0.3010746 0.0913976 0.0094086 0.0034014 0.0591397 0.0012913 0.0134408 0.0174731 0.0116487 0.485214 0.0672042 0.3615363 1.6209641
0.3154115 0.0336021 0.5878123 0.043761 0.0197132 0.0131015 0.1393366 0.0519712 0.0421146 0.0232974 0.0537633 0.0044249 0.0524192
0.0268817 0.1420248 0.1017023 0.0076688 0.5389773 0.3785834 0.1926519 0.0174731 0.0094086 0.0094086 0.0343443 0.0443547
0.0304659 0.0309139 0.0425626 0.0021573 0.0206093 0.5147838 0.0761647 0.0094086 0.0094086 0.0752686 0.0669092 0.0743726
0.0896055 0.0367383 0.0134408 0.2671328 0.2697127 0.0734765 0.016129 0.0134408 0.0470429 0.3028667 0.0032124 0.0698923
0.0443547 0.0349462 0.0197132 0.0015747 0.3409491 0.0560035 0.0990141 0.3745511 0.0282257 0.0291218 0.0649408 0.5031351
0.1008062 0.0403225 0.0094086 0.0188807 0.0103046 0.1066306 0.1093188 2.2625397 0.0259856 0.0900536 0.001118 0.2002684
2.5116431 0.0170251 0.0981181 0.0337302 0.0385304 0.0134408 0.112903 0.0224014 0.0398745 0.0519712 0.0010393 0.0179211
0.1527774 0.0116487 0.2338704 0.0353049 0.4605724 0.0179211 0.1303761 0.0313619 0.1066306 0.0215053 0.0239198 0.0398745
0.0362902 0.0600357 0.0371863 0.040029 0.0748206 0.0094086 0.0134408 1.0098544 0.0340501 0.0586916 0.0195421 0.0461469
0.0201612 0.0403225 0.0891575 0.0063303 0.0421146 0.0201612 0.2025085 0.0264336 0.0215053 0.1285839 0.0009133 0.6666652
0.0412185 0.0412185 0.0094086 0.0020471 0.0618278 0.0259856 0.0340501 0.0716844 0.2007164 0.0743726 0.0023306 0.0241935
0.0595877 0.0981181 0.598565 0.0496977 0.0197132 0.0743726 0.0152329 0.1326162 0.0349462 0.0443547 0.0510204 0.1209675
0.0537633 0.5268805 0.0116487 0.0038108 0.016129 0.0188172 0.0201612 1.019263 0.243279 0.0094086 0.0103143 0.5210562
1.0855711 0.0094086 0.0273297 0.1301965 0.3015226 0.0524192 0.469533 0.0259856 0.0143369 0.0470429 0.028014 0.0703403
0.4941745 0.0152329 0.0116487 0.0165029 0.0116487 0.1025983 0.0582436 0.0188172 0.0246415 0.0125448 0.0374465 0.1514334
3.3131646 0.0564515 0.0228494 0.015936 0.1711466 0.0134408 0.1384406 0.0246415 0.0622758 0.0416666 0.0007086 0.0340501
0.2114691 0.0309139 0.0183691 0.002866 0.1724907 0.0116487 0.275089 0.0174731 0.0497311 0.0506271 0.1211262 0.4628126
0.1738347 0.047939 0.0470429 0.0039368 0.0336021 0.0094086 0.0174731 0.6706974 0.2405909 0.0094086 1.0900101 0.0681002
0.1258958 0.0201612 0.0277777 0.4623016 0.1088707 0.0138889 0.0179211 0.1792111 0.016129 0.0116487 0.0497292 0.0170251
0.1281359 0.0282257 0.161738 0.0059366 0.0371863 0.1420248 0.0958779 0.453404 0.0430107 0.0074326 0.0537633
0.0622758 0.1030464 0.064068 0.4778124 0.0909496 0.2051967 0.0241935 0.0936378 0.0627239 0.0010551 0.1706985
0.534945 0.0094086 0.0094086 0.0339191 0.0367383 0.0219534 0.5448017 0.0094086 0.0376343 0.1557067 0.1388886
0.8987435 0.0134408 0.0743726 0.0159518 0.3642465 0.0282257 0.0828851 0.0577956 0.0201612 0.0937106 0.0268817
0.4005367 0.0313619 0.1155911 0.0074956 0.0094086 0.0425626 0.0116487 0.0224014 0.1232076 0.0282974 0.0721325
0.0506271 0.1563617 0.0174731 0.0080152 0.1388886 0.0192652 0.0439067 0.0152329 0.0143369 0.0056532 0.3956084
0.0344981 0.0452508 0.0268817 0.0022046 0.016577 0.1429208 0.0743726 0.0250895 0.7786721 0.0477293 0.0174731
0.0515232 0.0134408 0.1178313 0.0176052 0.0672042 0.0094086 0.0094086 0.0125448 0.048835 0.0033541 2.0824326
0.0268817 0.2499994 0.0940858 0.0071334 0.0116487 0.0533153 0.065412 0.0215053 0.0434587 0.4452475 0.0362902
0.4233862 0.0353942 0.0663081 0.1968852 0.0192652 0.1496412 0.1326162 0.6751777 2.2800128 0.0043777 0.3436372
0.0362902 0.0094086 0.1021503 0.0161092 0.2379027 0.0389784 0.0094086 0.0255376 0.0125448 0.4288706 1.0080623
1.4534018 0.0183691 0.0273297 0.0078105 0.0421146 0.0300179 0.0094086 0.0313619 0.0250895 0.1268267 0.0116487
0.0295698 0.194892 0.0134408 0.0230694 0.0295698 0.0349462 0.2504475 0.5129917 0.016129 0.0142038 0.388888
0.0461469 0.0134408 0.0228494 0.0191641 0.0094086 0.0631719 0.0152329 0.0591397 1.8055515 0.0022991 0.033154
0.4605724 0.0295698 0.0887095 0.0516188 0.0282257 0.0197132 0.0174731 0.1008062 0.0215053 0.0021259 2.8508001
0.0551074 0.0246415 0.0143369 0.0490363 0.0255376 0.0264336 0.1886197 0.0201612 0.0833331 1.5262188 0.0264336
1.148743 0.0094086 0.0143369 0.0227072 0.0192652 0.0134408 0.1173833 0.032258 0.0183691 0.009149 0.5743715
0.0403225 0.2540317 0.2168454 0.2380165 0.0568995 0.0703403 0.0210573 0.4758054 0.3633504 0.0032911 0.2813614
0.113351 0.016129 0.0748206 0.0467845 0.517472 0.1930999 0.2840495 0.0658601 0.0174731 0.0575869 0.1111109
2.2311778 0.1061826 0.0394264 0.0130385 0.0192652 0.016129 0.0228494 0.0174731 0.0282257 0.0253055 0.0309139
0.0851253 0.0174731 0.097222 0.0007086 0.0094086 0.0430107 0.097222 0.5721313 0.0568995 0.0508157 0.032706
0.049283 0.0533153 0.0116487 0.1427942 0.0179211 0.0215053 0.0116487 0.1518814 0.0197132 0.027699 0.03181
0.0779568 0.0707884 0.0219534 0.0124087 0.3167556 0.355734 0.0183691 0.0138889 0.0219534 0.0016377 0.0882615
0.0259856 0.0577956 0.0197132 0.2851789 0.0170251 0.0237455 0.0676522 0.0309139 0.0094086 0.0874591 0.0232974
Appendices
A-28
L8- Images analyzed with Spreadsheet routine
For each magnification, vesicle areas given in mm^2
Sample Zone Sample Zone Sample
160-5-A(7) A continued… 160-5-A(7) B continued… 164-1-A(4) continued…
scan scan scan scan 25x scan 25x scan 25x scan 25x scan scan scan 25x 75x scan 25x 75x
0.033154 0.0300179 0.3794794 0.032258 0.002677 0.0094086 0.0586735 0.0241935 0.0786407 0.0300179 0.0249433 0.0349462 0.0089606 0.0694446 0.0995621 0.0001906 0.0232975 0.0208018 5.735E-05
0.0510752 0.2553758 0.0407705 0.0179211 0.0802154 0.3476695 0.0042517 0.0089606 0.06113 0.0560035 0.0635708 0.3839597 0.0215053 0.0201613 0.0197205 4.891E-05 0.1415773 0.0002839 5.229E-05
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0.2029565 0.1868275 0.0197132 0.0268817 0.0119363 0.0094086 0.001496 0.1017023 0.066484 0.0197132 0.1849647 0.2007164 0.0425628 0.0066095 0.0001029 0.0949823 0.0270464 0.0002091
0.03181 0.2710567 0.0094086 0.0309139 0.0339191 0.0054485 1.0470407 0.2208995 0.0103046 0.0013857 0.0371863 0.0125448 0.0004866 9.445E-05 0.0255377 0.0005542 9.276E-05
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0.1214155 0.5622747 0.03181 0.015681 0.0155738 0.0024723 0.2078848 0.3222317 0.2522396 0.1232076 0.1120074 0.0301687 5.397E-05 0.0089606 0.0005542 5.229E-05
0.146505 0.0116487 0.0094086 0.0295698 0.0049131 0.0070862 0.1030464 0.0412887 0.0264336 0.0228494 0.0250897 0.0005677 0.0162152 0.0094086 0.0003244 3.373E-05
0.1070786 0.0398745 0.0595877 0.0421146 0.2141597 0.0296517 0.0949819 0.0188335 0.323476 0.0120967 0.0215054 0.1190393 0.0003002 0.2831547 0.0004325 0.0001316
0.0215053 3.3956017 0.0219534 0.0707884 0.0101726 0.0006141 0.3046588 0.0100781 0.097222 0.0179211 0.0376345 0.048943 9.276E-05 0.0165771 0.0003649 0.0015348
0.0215053 0.1438169 0.0564515 0.0268817 0.001559 0.0093222 0.0304659 0.0681532 0.0900536 0.047939 0.2925633 0.0211262 4.217E-05 0.0873658 0.0005271 4.385E-05
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0.065412 0.1702505 0.033154 0.0652242 0.113799 0.1230789 0.2168454 0.2087809 0.0174732 0.1314879 7.758E-05 0.0120968 0.0004409 0.0004858
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0.7110199 0.7907688 0.2836015 0.0024723 0.0264336 0.0521542 0.0542113 0.0430107 0.0116488 0.0205991 4.385E-05 0.0120968 0.0326751 0.0002142
0.016129 0.0291218 0.0560035 0.0908762 0.0725805 0.0526896 0.0730285 0.0456988 0.0246416 0.0003514 4.048E-05 0.0134409 0.0045981 0.0001265
0.0094086 0.5228483 0.0125448 0.0212585 0.0963259 0.0352419 0.0277777 0.0228494 0.3508072 0.0003109 0.000452 0.0322581 0.0004094 7.758E-05
0.0860213 0.0134408 0.0546594 0.0011495 0.0219534 0.225844 0.1397846 0.0241935 0.0277778 0.0666901 7.758E-05 0.1742835 0.0017952 0.0001046
0.0210573 0.097222 0.0197132 0.2922493 0.0277777 0.0338561 0.0528673 0.048387 0.0125448 0.0007975 4.723E-05 0.0573478 0.0183611 0.0001282
0.0170251 0.0407705 0.0336021 0.0024093 0.0452508 0.0946397 0.1890677 0.0313619 0.0421148 0.0299524 0.0108079 0.0931902 0.0008818 0.0004605
0.3817196 0.0224014 0.0120967 0.0607206 0.0828851 0.0204869 0.0707884 0.8055538 0.0089606 0.0099211 0.0001046 0.0255377 0.0008818 0.0003222
0.0286738 0.048387 0.0152329 0.0049761 0.1474011 0.0893959 0.1285839 0.0147849 0.1465057 0.0190041 0.0204942 0.015681 0.00274 0.0000877
0.2782252 0.4610205 0.0295698 0.00822 0.0448028 0.0147077 0.0232974 0.016577 0.0206094 0.0003109 0.0001113 0.076165 0.0082042 3.879E-05
0.2114691 0.0094086 0.0555554 0.0082672 0.0192652 0.0052595 0.0336021 0.0524192 0.02957 0.0075016 0.0079912 0.0721328 0.0117945 6.409E-05
0.1267918 0.0116487 0.0631719 0.0070232 0.0743726 0.0639802 0.0094086 0.0241935 0.2540328 0.0009597 3.711E-05 0.0112007 0.0257464 8.096E-05
1.2697104 0.0246415 0.1693545 0.0657281 0.1330642 0.030502 0.307347 0.0197132 0.1137995 0.0004731 3.542E-05 0.014785 0.0239985 3.711E-05
0.0461469 0.0152329 0.0250895 0.0017637 0.03181 0.0017952 0.1693545 0.0179211 0.044803 0.0003649 0.0000506 0.0344983 0.0006614 5.229E-05
0.0663081 0.1818992 0.0183691 0.0056532 0.2168454 0.4841742 0.3319885 0.0456988 0.0201613 0.0009326 0.0001332 0.0134409 0.0022203 5.397E-05
0.1048385 0.0094086 0.3104832 0.0024723 0.162186 0.0009291 0.0958779 0.0143369 0.0685485 0.0003785 0.0005279 0.1142475 0.0004409 7.084E-05
A-29
Appendices
L8- Images analyzed with Spreadsheet routine
For each magnification, vesicle areas given in mm^2
Sample Sample
164-1-B(11) continued… 164-1-C(1) continued…
scan 25x 75x scan 25x 75x scan 25x 75x scan 25x scan scan scan 25x 75x scan scan scan
0.0331542 0.0283604 7.421E-05 0.0788532 0.0795383 0.0003879 0.1532261 0.1014267 0.0297926 0.0577958 0.0110544 0.0689966 0.0318101 0.2087809 0.0034014 0.02211 0.4148736 0.1648742 0.0268817
0.0103047 0.0015432 4.385E-05 0.2603052 0.0003307 0.0041272 0.0197133 0.001181 0.0771462 0.1348569 0.0707672 0.0994626 0.0533155 0.0533153 0.0488158 0.0521032 0.0219534 0.0129928 0.0712364
0.211918 0.0003464 3.879E-05 0.0488352 0.0005826 0.0063906 0.0103047 0.0181721 0.0394991 0.0129929 0.0199673 0.015233 0.0591399 0.1375445 0.0101411 0.0158745 0.0089606 0.0129928 0.0143369
0.0103047 0.0434146 0.0002277 0.0138889 0.0897896 5.903E-05 0.0116488 0.0551461 0.0207185 1.7697168 0.0003937 0.0241936 0.0120968 0.0219534 0.0740741 0.004166 0.4408592 0.0089606 0.016129
0.0443549 0.0004724 6.409E-05 0.0232975 0.0006141 0.0070653 0.0282259 0.0010393 0.0008265 0.1491939 0.02403 0.0255377 0.0210574 0.0143369 0.0020156 0.005856 0.0098566 0.0349462 0.0138889
0.1765237 0.0004252 5.735E-05 1.2522427 0.0010866 5.735E-05 0.2163983 0.0777589 0.0252235 0.0192653 0.014503 2.2612052 0.0107527 0.0273297 0.0328326 0.1404841 0.0824371 0.2029565 0.048387
0.1048389 0.0006929 0.0315753 0.0367384 0.002866 4.217E-05 0.0107527 0.016125 0.0007404 0.0183692 0.0069759 0.242384 0.0129929 0.0837812 0.0046454 0.0522854 0.0170251 0.0828851 0.0909496
0.9462385 0.0004252 0.0004453 0.0483872 0.0043462 4.723E-05 0.0165771 0.0335569 0.0156907 0.0376345 0.0842939 0.0134409 0.3234774 0.09767 0.0111804 0.0200742 0.0170251 0.0098566 0.0407705
0.0116488 0.0004567 0.0000506 0.0165771 0.0003779 9.782E-05 0.0268818 0.0003622 0.0125249 0.4534059 0.5396668 0.0488352 0.1720434 0.0873654 0.0080467 0.0092629 0.0497311 0.0094086 0.4762534
0.0336022 0.0500913 3.373E-05 0.0779572 0.0087711 0.0088194 0.0367384 0.0035903 0.1956839 0.0107527 0.0086766 0.2262549 0.0129929 0.032258 0.1253464 0.0233716 0.0210573 0.0470429 0.0470429
0.0103047 0.0009606 6.747E-05 0.8830663 0.002488 3.879E-05 0.0116488 0.0070704 0.0162793 0.2500005 0.0201405 0.1729394 0.0681005 0.016129 0.109064 0.0218418 0.0421146 0.0869174 0.0595877
0.0568998 0.0003464 0.0009428 0.0519714 0.0003464 0.0089543 0.0412187 0.0315571 0.0056131 0.1451616 0.0018582 0.0125448 0.0094086 0.0456988 0.0018424 0.0011031 0.0170251 0.032258 0.0842292
0.0577958 0.0177469 0.0171462 0.0103047 0.0003307 6.915E-05 0.3319899 0.005606 0.0005937 0.0591399 0.0378559 0.0770611 0.0174732 0.015681 0.0481545 0.0022668 0.0506271 0.016577 0.0309139
0.0107527 0.0049446 0.0002058 0.0228495 0.3482458 0.0006443 0.0098567 0.0970018 0.0080064 0.0555557 0.0182508 0.2329754 0.075269 0.0183691 0.0897581 0.0088413 0.5008949 0.0537633 0.0094086
0.2531367 0.0229119 0.0009142 0.0120968 0.0004094 6.072E-05 0.0098567 0.001181 0.0010626 0.0134409 0.2157659 0.014785 0.0331542 0.1666663 0.0218884 0.0925637 0.0336021 0.015681 0.0103046
0.0237456 1.3358529 3.542E-05 0.0371865 0.0005197 0.0044578 0.0443549 0.0006299 0.0120088 0.1142475 0.0120622 0.0161291 0.1290325 0.0094086 0.094498 0.0357227 0.0125448 0.2379027 0.0546594
0.0215054 0.0006456 0.0002193 0.0672044 0.0017479 5.397E-05 0.0103047 0.0007716 0.1194029 0.0667564 0.0153534 0.5945352 0.0089606 0.1424728 0.0372418 0.114418 0.1281359 0.1281359 0.0232974
0.0640682 0.0168808 3.373E-05 0.015233 0.0019999 3.542E-05 0.0439069 0.1279604 0.0201096 0.0138889 0.0044722 0.0116488 0.2710579 0.0905016 0.3150195 0.1920352 0.3624544 0.0604837 0.1698025
0.0367384 0.0004094 0.0264126 0.1765237 0.0455404 4.723E-05 0.0573478 0.0020156 0.0243903 0.0940862 0.0153376 0.0232975 0.0241936 0.1326162 0.0085034 0.0348167 0.0667561 0.0103046 0.0179211
0.0120968 0.0003779 0.0004183 0.0273298 0.0088813 0.010027 0.0250897 0.0013857 0.1460904 0.015681 0.0012598 0.0273298 0.0103047 0.1017023 0.0092908 1.2952412 0.0250896 0.0143369 0.3328846
0.2396958 0.0072594 0.0582527 0.0094086 0.0043934 0.0003812 0.0098567 0.1484159 0.0121235 0.0766131 0.0076846 0.2163983 0.0215054 0.0331541 0.1094419 0.0380763 0.0250896 0.0698923 0.0170251
0.0313621 0.001244 0.0003862 0.0586919 0.0014487 0.1503205 0.1832441 0.0057792 0.0022651 0.105735 0.0009448 0.014337 0.0286739 0.016129 0.0194791 0.2203011 0.1017023 0.5004469 0.0103046
5.8378253 0.0455247 0.0027408 0.0183692 0.0005039 3.879E-05 0.0098567 0.0393204 0.0005498 0.0483872 0.0480757 0.060036 0.0210574 0.0206093 0.0877898 0.0545809 0.7786721 0.0349462 1.5949785
0.0179212 0.0017637 7.927E-05 0.1088712 0.0428162 8.939E-05 0.0291219 0.0216364 0.0127003 0.0676525 0.0238095 0.0179212 0.0112007 0.0259856 0.8453798 0.0345252 1.6939926 0.0138889 1.3006243
0.1577064 0.0106765 0.0001906 0.2370076 0.0013543 4.891E-05 0.2051975 0.1585097 0.0003727 0.0094086 0.0489576 0.0116488 0.0219535 0.0264336 0.3213971 0.0009917 0.047939 0.0237455 0.0282257
0.1003586 0.0007559 0.0001012 0.0470431 0.0003307 0.0447074 0.0376345 0.1044816 0.0067786 0.0206094 0.0629882 0.1465057 0.1774197 0.0922937 0.0062988 0.038897 0.0125448 0.049283 0.0120968
0.014785 0.0088026 0.0001248 0.0537636 0.0039998 6.241E-05 0.0340503 0.0129598 0.0196222 0.7768833 0.0015747 0.0806453 0.0492833 0.0394264 0.017117 0.0210676 2.3364643 3.0936311 0.0224014
0.0134409 0.0086609 5.566E-05 0.0134409 0.0048501 0.0002277 0.0098567 0.0410525 0.1785883 0.2934594 0.0036376 0.272402 0.0107527 0.0094086 0.1679894 0.0001214 0.0094086 0.0416666 0.016577
0.0815414 0.0824987 0.0334981 0.0116488 0.0896007 3.373E-05 0.0268818 0.0018739 0.0025704 0.7361126 0.0746567 0.3069003 0.0425628 0.0179211 0.0211168 0.0026581 0.1061826 0.0094086 0.0125448
0.1232081 0.0050076 0.0165256 0.0385305 0.0460916 4.554E-05 0.3669362 0.0031022 0.0024928 0.0282259 0.1059146 0.2836027 0.014337 0.2853936 0.0164714 0.0006966 0.0300179 0.0116487 2.6128974
0.0264337 0.0003779 0.0001113 0.1603946 0.0003464 9.445E-05 0.1164877 0.0069602 0.0050295 0.0094086 0.0170698 0.1832441 0.0492833 0.0215053 0.0016377 0.0419464 0.0125448 0.0761647 0.0739246
0.015233 0.0692082 0.0046399 0.0672044 0.0152904 0.0011047 0.0246416 0.0027242 0.0030747 0.030914 0.0196051 0.0667564 0.0407707 0.2253579 0.1206538 0.0085293 0.0389784 0.0407705 0.0461469
0.0828855 0.0579491 5.566E-05 0.0250897 0.0005197 4.723E-05 0.0098567 0.0501543 0.0047698 0.0103047 0.2652335 0.030914 0.016577 0.1308579 0.0003559 0.0089606 0.0192652 0.0291218
0.1819 0.0069444 5.397E-05 0.3530473 0.047808 0.0001147 0.0183692 0.0133692 0.0050666 0.0649643 0.0470431 0.0398746 0.1160392 0.002614 0.0008754 0.2903219 0.2665765 0.1066306
0.0103047 0.0278408 0.0001096 0.0318101 0.5636968 0.0050599 0.0219535 0.1201657 0.0139079 0.0098567 0.1164877 0.0461471 0.0125448 0.0165816 0.0720965 0.2768811 0.0120968 0.0336021
0.0282259 0.0005984 0.0012683 0.0353943 0.0069602 6.747E-05 0.0089606 0.0083774 0.0008669 0.0380825 0.0380825 0.0788532 0.0313619 0.1097569 0.0716512 0.2661284 0.0116487 0.0174731
0.0564517 0.0028345 0.0004233 0.0985665 0.0003149 0.1165205 0.0636202 0.0003937 0.0066723 0.0443549 0.0416668 0.151882 1.0806428 0.2121441 0.0055237 0.0560035 0.0103046 0.0125448
0.0094086 0.0316673 5.903E-05 0.0788532 0.0004409 0.0515888 0.0542116 0.0037478 0.0029904 0.0237456 0.015233 0.1084232 0.097222 0.517306 0.0042705 0.0412186 0.0103046 0.0931898
0.3275096 0.0007244 4.217E-05 0.0129929 0.0006299 0.0014336 0.5403237 0.0199043 0.0006881 0.0116488 0.0631722 0.030018 0.7629911 0.0354781 0.0014286 0.0192652 0.0304659 0.0103046
0.0125448 0.0290533 7.252E-05 0.0291219 0.006472 9.276E-05 0.2974916 0.0259039 0.0577146 0.044803 0.0313621 0.0161291 0.6424717 0.034801 0.0038337 1.4027746 0.0170251 0.5479378
0.0116488 0.0313209 0.002788 0.0241936 0.0043934 4.554E-05 0.0676525 0.0317933 0.0010626 0.1644269 0.0138889 0.0465951 0.0107527 0.0323287 0.0033277 0.2379027 0.0730285 0.1043905
0.0174732 0.005102 0.0110069 0.8369192 0.0066925 0.006028 0.0412187 0.0019999 0.00127 0.1415773 0.0268818 0.0179212 0.064516 0.0253685 0.043299 0.016129 0.0268817 0.0152329
0.1778677 0.0131015 0.0004723 0.0672044 0.0241875 3.373E-05 0.0170251 0.001496 0.0001029 0.2889791 0.014337 0.9623675 0.0277777 0.0675548 0.0026716 0.1810032 3.237896 0.1187273
0.1030468 0.0058264 0.0253736 0.7486574 0.0007559 3.373E-05 0.1254483 0.0031022 0.0127728 0.0649643 0.4534059 0.0694446 0.1841394 0.0134322 0.0178141 0.2612001 0.0116487 0.0627239
0.0094086 0.0103301 6.241E-05 0.0340503 0.0108497 0.000285 0.2410399 0.0101411 0.0156553 0.1344089 0.0129929 0.0658604 0.3064509 0.0003307 0.0119784 0.631271 0.0582436 0.4865581
0.2414879 0.0004882 0.0001046 0.0645163 0.0003622 4.723E-05 0.0443549 0.1754378 0.0012414 0.0264337 0.030018 0.015233 0.1173833 0.0372575 0.0027138 0.0089606 0.1353044 0.0246415
0.0528675 0.0004094 0.0001029 0.0313621 0.0539336 0.0036785 0.1102153 0.0062201 0.0002378 0.2320793 0.0210574 0.0206094 0.1984763 0.0257779 0.0424102 0.064964 0.0241935 0.0206093
0.0165771 0.0040312 0.000452 0.7405929 0.0094167 0.0012936 0.0860217 0.0008976 0.0107978 0.0537636 0.0801973 0.4574382 0.0277777 0.0201562 0.0083707 0.0604837 0.1281359 0.8664855
0.0250897 0.0024093 4.385E-05 0.0344983 0.0008189 8.939E-05 0.0161291 0.0007244 0.0012464 0.0273298 2.2002732 0.045699 0.0470429 0.0065193 0.0599696 0.3436372 0.4847659 0.0134408
0.0112007 0.0056374 9.782E-05 0.0224015 0.0077948 0.0399039 0.0219535 0.001622 0.0049115 0.0748209 0.1258963 0.045251 0.0353942 0.1204806 0.0017541 0.0721325 0.0743726 0.0448028
0.0129929 0.001307 0.0003238 0.3118286 0.0004882 0.0001012 0.0851256 0.0015905 0.0311284 0.151434 0.0089606 0.0958783 0.03181 0.0011023 0.001071 0.0385304 0.2603041 0.0286738
0.1388892 0.0003937 0.0001838 1.0080665 0.0099679 0.0023461 0.0631722 0.0048029 0.0020358 0.0936382 0.1482978 0.0533155 0.0259856 0.0113851 0.0004756 0.0465949 0.0103046 0.4238342
0.0707887 0.0005354 0.0102732 0.091398 0.0004724 4.048E-05 0.030018 0.0279195 0.0008602 0.0488352 0.1872764 0.1021507 0.0138889 0.0015747 0.0026885 0.0089606 0.0112007 0.0107527
0.0524195 0.0011968 6.578E-05 0.0089606 0.2352608 3.373E-05 0.0636202 0.0017322 0.0020712 0.0519714 0.0107527 0.106183 0.0380824 0.002551 0.0003323 1.780014 0.0188172 0.0497311
0.3911298 0.0010708 0.0081295 0.0654123 0.0248646 0.0023832 0.4610224 0.0008818 0.0040125 0.0183692 0.0349463 0.0192653 0.0179211 0.1821618 0.0013932 0.1514334 0.0179211 0.2844976
0.2334234 0.0004567 4.554E-05 0.0116488 0.0005826 3.879E-05 0.0775091 0.0020629 0.0019615 0.0981185 0.0098567 0.0416668 0.4874541 0.1379913 0.0034222 0.032706 0.0757167 0.0658601
0.0896059 0.0005197 0.0801299 0.1429214 0.0090231 0.0011503 0.0098567 1.1231576 0.0495311 0.0568998 0.0273298 0.09095 0.2867377 0.0112119 0.0072879 0.0273297 0.0336021 0.1012543
0.0246416 0.0009921 9.276E-05 0.0201613 0.0049918 3.542E-05 0.0161291 0.0057004 0.0018469 0.0488352 0.0703406 0.0645163 0.015681 0.0196051 0.0094839 0.4327947 0.0215053 0.3064509
0.0421148 0.1088908 4.217E-05 0.0116488 0.0017479 3.711E-05 0.0107527 0.0071964 0.1997099 0.0282259 0.0376345 0.1250003 0.0264336 0.0101568 0.0149233 0.4072572 0.0098566 0.0309139
0.0259857 0.0076058 4.385E-05 0.2692658 0.0005354 0.0003458 0.0533155 0.0057319 0.0063586 0.0241936 0.0116488 0.0228495 0.1339603 0.0803729 0.0001923 0.0179211 0.5156799 0.0206093
0.0318101 0.0029919 3.373E-05 0.0407707 0.001559 0.0047006 0.1456096 0.0016534 0.0055878 0.0658604 0.0103047 0.0179212 0.0922937 0.0020629 0.0141997 0.0286738 0.0228494 1.0586894
0.1285845 0.0029132 4.217E-05 0.0089606 0.0112434 4.723E-05 0.0112007 0.0011495 0.0634998 0.0197133 0.4202517 0.0174732 0.0116487 0.0454932 0.0052049 0.1886197 0.0107527 0.0882615
0.2172943 0.1629031 0.0002547 0.1733874 3.879E-05 0.1097672 0.0019369 0.0013544 0.1491939 0.8821702 0.0353943 0.1025983 0.001244 0.0088851 0.0300179 0.0725805 0.0224014
0.4193557 0.001181 0.0662844 0.2370076 0.0062928 0.8978513 0.0235103 0.0910373 0.0282259 0.075269 0.0116488 0.0143369 0.0003937 0.0053685 0.0636199 0.0138889 0.0112007
0.0264337 0.046564 0.0005751 0.0250897 7.252E-05 0.0327062 0.0143928 0.0412093 0.0358424 0.0089606 0.0291219 0.1469531 0.0519967 0.0742199 0.0152329 0.0188172 0.0237455
0.0443549 0.0006929 0.0000506 0.5210584 7.084E-05 0.0542116 0.0006299 0.0069101 0.1102153 0.3069003 0.076165 0.1662183 0.0004567 0.0003255 0.0112007 0.4560922 0.3109312
0.0385305 0.0189752 0.0001467 0.9211488 0.0001198 0.0689966 0.0009448 0.0478428 0.030914 0.0568998 0.0349462 0.0881519 0.2277247 0.0094086 0.0425626 0.015681
0.0676525 0.0003149 0.0001501 0.0165771 0.0127239 0.1635308 0.0461388 0.0198954 0.015681 0.0376345 0.7455181 0.0025825 0.0115078 0.0152329 0.0277777 0.1823473
0.0188172 0.0054327 0.000113 0.0560037 6.072E-05 0.0098567 0.0378086 0.0294114 0.0197133 0.0228495 0.0116487 0.3035872 0.0136684 0.0174731 0.0936378 0.0183691
0.014337 0.0075586 0.0001079 0.0389786 0.0001096 0.0224015 0.0162195 0.0038371 0.1465057 0.0098567 0.0721325 0.003858 0.0050042 0.1012543 0.015681 0.7782241
0.0268818 0.0003149 7.084E-05 0.0703406 0.000172 0.0389786 0.0010551 0.0045033 0.0846776 0.015233 0.0134408 0.0378401 0.0007371 0.3431892 0.0237455 0.1406807
0.0340503 0.0008503 0.027293 0.3566315 0.0001349 0.0887099 0.0151644 0.1271547 0.0165771 0.3136207 0.0546594 0.0014802 0.0742975 1.0819868 0.0107527 0.0103046
0.0120968 0.0004724 0.0000506 0.0322581 0.0006713 0.015681 0.1185595 0.0060128 0.1890685 0.0967744 0.1415767 0.0855694 0.0025164 0.0300179 0.0703403 0.0837812
0.4950727 0.0269589 4.217E-05 0.0098567 9.276E-05 0.2056456 0.006472 0.0019126 0.0398746 0.1115594 0.1034944 0.0039525 0.1002935 0.016577 0.0336021 0.1245517
0.8991954 0.0007086 0.0007506 0.105287 0.0911739 0.0990145 0.0007716 0.0044122 0.120968 0.0376345 0.0860213 0.0009606 0.0777231 0.0295698 0.4838699 0.0120968
0.0407707 0.0141251 0.0031827 0.0112007 3.542E-05 0.0094086 0.0015747 0.0025519 0.0667564 0.0465951 0.0174731 0.0028345 0.0003812 0.0206093 0.0371863 0.4318987
0.0129929 0.1282439 4.048E-05 0.0215054 0.0001063 0.3378143 0.0033856 0.0003356 0.0268818 0.1088712 0.0358422 0.0003937 0.0007016 0.0537633 0.0210573 0.1711466
0.0228495 0.0551934 0.0296256 0.0188172 4.723E-05 0.02957 0.1030329 0.0075325 0.0098567 0.0161291 0.03181 0.030628 0.0729971 0.0125448 0.0089606 0.0120968
0.0891579 0.0016534 6.747E-05 0.0434589 0.0001838 0.015233 0.0045194 0.0173604 0.1738355 0.0340503 0.0730285 0.0016377 0.0044696 0.0138889 2.1756224 0.0112007
0.1456096 0.0006614 9.614E-05 0.0219535 3.879E-05 0.0461471 0.001244 0.0372019 0.515234 0.0116488 0.1353044 0.0122669 0.0015551 0.0107527 0.0358422 0.1008062
0.0519714 0.0006456 5.903E-05 0.0219535 0.0005633 0.0241936 0.0013385 0.0019868 0.0089606 0.1568104 0.0152329 0.016188 0.0001906 0.1308241 0.0250896 0.3006266
0.030914 0.0022203 0.0000759 0.0421148 7.758E-05 0.0613801 0.0336042 0.0704436 0.0138889 0.0663084 0.7499983 0.0053855 0.0220223 0.0237455 0.1827953 0.0232974
0.0183692 0.1898936 0.0113341 0.1034948 3.711E-05 0.0510754 0.0487213 0.0003137 0.0725808 0.014337 0.0595877 0.0010708 0.0194316 0.4386191 0.113351 0.0595877
0.0367384 0.0075901 0.0004891 0.0694446 0.0001164 0.0515234 0.2147424 0.0864412 0.0215054 0.0134409 0.0672042 0.0302501 0.0367383 0.0268817 0.8454282
0.1438175 0.0894589 6.072E-05 0.1335128 0.0002091 0.0129929 0.5858529 0.0003289 0.030466 0.0179212 0.064516 0.0074169 0.0210573 0.0434587 0.0295698
0.0748209 0.0066295 0.0002648 0.0116488 0.0002665 0.0165771 0.0035431 0.0028352 0.0179212 0.02957 1.5515198 0.2186791 0.0107527 0.2697127 0.2387988
0.2441761 0.400148 0.0055288 0.0255377 6.915E-05 0.1344089 0.0015905 0.011631 0.0237456 0.1868283 0.0362902 0.0030864 0.0631719 0.0094086 0.2477593
0.0537636 0.001559 0.0022466 0.1478498 7.421E-05 0.0555557 0.0172745 0.0962844 0.1102153 0.0672044 0.03181 0.0008818 0.0407705 0.016129 0.0385304
0.3669362 0.0006456 0.0001467 0.0120968 0.1901973 0.0116488 0.0034014 0.0011604 0.0403227 0.0492833 0.0174731 0.047871 0.0116487 0.03181 0.0663081
0.1774197 0.2064594 6.241E-05 0.0103047 0.0004807 0.0165771 1.2268519 0.0026969 0.0936382 0.1500899 0.0246415 0.4989764 0.03181 0.0362902 0.1698025
0.1250003 0.0008976 0.0002125 0.0443549 0.0000759 0.0107527 0.0031494 0.0011334 1.4068129 0.0112007 0.1711466 0.183579 0.0103046 0.0197132 0.0116487
0.0318101 0.0423595 0.0001552 9.782E-05 0.1276884 0.0006456 0.007777 0.2656815 0.0197133 0.2571679 0.0005039 0.0129928 0.0143369 0.3364688
0.0367384 0.0025983 0.0440648 9.782E-05 0.0116488 0.1633913 0.001916 0.0358424 0.1438175 0.211021 0.0031652 0.0134408 0.1025983 0.0201613
0.015681 0.0005669 0.0085765 9.614E-05 0.0721328 0.0639487 0.0361646 0.3019719 0.0721328 0.0497311 0.0030707 0.0577956 0.0089606 0.0380824
0.3122766 0.0003307 5.229E-05 3.373E-05 0.1563623 0.0085979 0.0015028 0.0264337 0.0165771 0.0152329 0.0006456 0.0183691 0.0201613 0.113351
0.5658614 0.0160305 0.0013611 0.0006055 0.2307352 0.0010708 0.0005532 0.1290325 0.0353943 0.0197132 0.2058611 0.0116487 0.3830637 0.129928
0.045699 0.0004252 0.0004099 7.252E-05 0.0103047 0.001622 0.0036397 0.2083338 0.0340503 0.0309139 0.0154479 0.2235658 0.3212358 0.0116487
0.0810934 0.0602482 0.0001383 7.252E-05 0.0362904 0.0439657 0.0003879 0.0497313 0.0407707 0.2540317 0.0047871 0.7997294 0.0560035 1.0103024
0.0394266 0.0009133 7.084E-05 0.0002412 0.0394266 0.0148022 0.0237456 0.0165771 0.0192652 0.0018267 0.0215053 0.016129 0.0089606
0.014337 0.0072436 6.072E-05 0.0327062 0.0321712 0.1388892 0.0537636 0.0116487 2.1410147 1.780014 0.0089606 0.0568995
0.2137101 0.0005669 6.915E-05 0.2526887 0.0005039 0.0107527 0.0784052 0.0103046 0.0256519 0.1662183 0.5246404 0.566755
0.0098567 0.5949861 0.0428403 0.0268818 0.1340073 0.0098567 0.0277778 0.0116487 0.7985796 0.38844 0.0860213 0.0250896
0.0197133 0.00411 0.0002952 0.0725808 0.0512251 0.2356636 0.0255377 0.0120968 0.1195043 0.0089606 0.0089606 0.0112007
0.1012547 0.0043934 0.0442908 1.4045727 0.0644684 0.015233 0.3091404 0.1052865 0.200633 0.0241935 0.0636199 0.0300179
0.0183692 0.0112906 3.373E-05 12.093214 0.1599899 0.0560037 0.0161291 0.0282257 0.0525006 0.1196234 0.4995509 0.1500893
0.0931902 0.0175737 0.0147158 0.0098567 0.0010078 0.0125448 0.0098567 0.5936367 0.0596655 0.0331541 0.0107527 0.0183691
0.0112007 0.0162352 0.0900692 0.0237456 0.005102 0.015233 0.014785 0.1075266 0.0247858 0.0125448 0.0183691 0.0201613
0.0551076 0.0084562 3.711E-05 0.0138889 0.0040942 0.0116488 0.0197133 0.0206093 0.0497449 0.0439067 0.0286738 0.0250896
0.0219535 0.0744363 3.542E-05 0.0519714 0.0261243 0.0461471 0.0703406 0.015681 0.0561854 0.0201613 0.0152329 0.2764331
0.0672044 0.0486584 0.0000877 0.2697138 0.0066295 0.0344983 0.0322581 0.162186 0.072956 0.0112007 1.230732 2.476697
0.0282259 0.0003149 0.0001198 0.0103047 0.1195988 0.0219535 0.2325274 0.3974006 0.0100466 0.0577956 0.0094086 0.1465051
Appendices
A-30
L8- Images analyzed with Spreadsheet routine
For each magnification, vesicle areas given in mm^2
Sample Sample
164-1-D(1) continued… 164-1-D(16) continued…
scan scan scan 25x 75x scan scan scan scan scan scan scan scan 25x 75x scan 25x 75x
0.0179211 0.0439067 2.0546549 0.0153219 0.0263974 0.193996 0.0873654 0.0474909 0.0309139 0.0197132 0.0134408 0.0103046 0.1388892 0.0148022 0.0013055 0.0138889 0.0233214 0.0027644
0.0098566 0.0389784 1.9466802 0.0729088 0.0900287 0.193996 0.0869174 0.0470429 0.0309139 0.0197132 0.0134408 0.0103046 0.0161291 0.2850372 0.0017457 0.1917567 0.0143613 0.0011368
0.0206093 0.3275082 1.7092256 0.0006929 0.0015568 0.193548 0.0869174 0.0470429 0.0304659 0.0197132 0.0134408 0.0103046 0.014337 0.0032596 0.0018907 0.0421148 0.0756015 0.0026682
0.3521498 0.0793009 1.6585985 0.2283793 4.217E-05 0.1922039 0.0864693 0.0470429 0.0304659 0.0197132 0.0134408 0.0103046 0.0228495 0.00274 0.0003272 0.0784052 0.9080688 0.0024422
0.0224014 0.2419349 1.602595 0.0024723 0.0416613 0.1899637 0.0864693 0.0465949 0.0304659 0.0197132 0.0134408 0.0103046 0.0474911 0.0036061 0.002842 0.0192653 0.0054957 0.0023343
0.0268817 0.0465949 1.2768789 0.5455404 0.036426 0.1877236 0.0864693 0.0461469 0.0304659 0.0192652 0.0134408 0.0103046 0.0407707 0.0006141 0.0006494 0.0197133 0.0581853 0.001577
0.0828851 0.4758054 1.2665742 0.02677 0.0298684 0.1823473 0.0860213 0.0461469 0.0304659 0.0188172 0.0134408 0.0103046 0.0129929 0.0036376 0.000398 0.0286739 0.0072909 0.0035571
0.0089606 0.0456988 1.2571657 0.0257307 0.0308399 0.1818992 0.0855733 0.0456988 0.0304659 0.0188172 0.0134408 0.0103046 0.0138889 0.0405486 0.0008905 0.0134409 0.003984 0.0033564
0.0268817 0.0116487 1.2499972 0.0027557 0.0219717 0.178763 0.0851253 0.0452508 0.0304659 0.0188172 0.0134408 0.0103046 0.02957 0.0042045 0.000759 0.0425628 0.0020314 0.0002867
0.0152329 0.0174731 1.1675601 0.0075743 0.0075999 0.1765229 0.0842292 0.0452508 0.0300179 0.0188172 0.0134408 0.0103046 0.060484 0.0020786 0.0003694 0.0120968 0.0042832 0.0113915
0.0232974 0.1017023 1.0223992 0.019731 0.0379339 0.1756269 0.081541 0.0452508 0.0300179 0.0188172 0.0134408 0.0103046 0.0098567 0.0015905 0.0012464 0.0192653 0.0042045 0.0463215
0.1388886 0.0533153 1.0080623 0.0200145 0.0324777 0.1747308 0.080645 0.0452508 0.0300179 0.0188172 0.0134408 0.0103046 0.030466 0.0017794 0.0005448 0.0259857 0.0003464 0.0412481
0.0295698 0.0232974 0.9623634 0.009149 0.0002075 0.1742828 0.080645 0.0448028 0.0300179 0.0188172 0.0134408 0.0103046 0.0900539 0.013385 0.0038809 0.0125448 0.0010393 0.0003356
0.1818992 0.0313619 0.9363778 0.0012283 0.0193119 0.1724907 0.0797489 0.0448028 0.0300179 0.0183691 0.0134408 0.0103046 0.0232975 0.0153691 0.000452 0.0103047 0.002488 0.0017659
0.1491932 0.1957881 0.8324354 0.2273715 0.0487435 0.1720426 0.0793009 0.0443547 0.0295698 0.0183691 0.0134408 0.0098566 0.044803 0.0037635 0.0004554 0.0112007 0.0048816 5.566E-05
0.0089606 0.032706 0.776432 0.0031967 0.0209344 0.1715946 0.0793009 0.0439067 0.0295698 0.0183691 0.0134408 0.0098566 0.090502 0.0007244 0.0004571 0.075269 0.0044879 8.433E-05
0.1066306 0.0174731 0.7486542 0.0181091 0.0017794 0.1702505 0.0793009 0.0434587 0.0291218 0.0183691 0.0134408 0.0098566 0.0340503 0.0032596 0.0012043 0.0255377 0.0060311 0.0017355
0.1308241 0.0125448 0.6854823 0.3640558 0.0010828 0.1684584 0.0788529 0.0434587 0.0291218 0.0183691 0.0134408 0.0098566 0.0407707 0.0007559 0.0004385 0.0313621 0.0006141 0.0005077
0.032706 2.1621816 0.6518803 0.0151014 0.0002091 0.1680104 0.0784048 0.0434587 0.0291218 0.0183691 0.0134408 0.0098566 0.0116488 0.0014487 0.0003576 0.0161291 0.0008976 0.0050953
1.0654098 0.0098566 0.6267907 0.0223765 0.3381228 0.1675624 0.0779568 0.0430107 0.0286738 0.0179211 0.0129928 0.0098566 0.0577958 0.0003464 0.0003593 0.0358424 0.0020314 0.0001923
0.1057345 0.0138889 0.6169341 0.0119205 0.0009378 0.1657702 0.0779568 0.0425626 0.0282257 0.0179211 0.0129928 0.0098566 0.0201613 0.0053383 0.0015365 0.0116488 0.0016377 0.0263367
0.0201613 0.209677 0.6164861 0.001496 0.0765104 0.1648742 0.0770608 0.0425626 0.0282257 0.0179211 0.0129928 0.0098566 0.0515234 0.011952 0.0034137 0.0112007 0.0022361 0.0007944
0.2240138 0.0098566 0.6008051 0.0032911 0.1760584 0.1603939 0.0770608 0.0425626 0.0282257 0.0179211 0.0129928 0.0098566 0.0094086 0.0012913 0.0017794 0.0183692 0.0016377 0.0097858
0.0389784 0.016577 0.5900525 0.0149282 0.0002918 0.1603939 0.0748206 0.0425626 0.0273297 0.0179211 0.0129928 0.0098566 0.0250897 0.0029132 0.0261916 0.0250897 0.0018582 0.0021623
0.0918457 0.0120968 0.5551063 0.014755 0.0050295 0.1603939 0.0743726 0.0421146 0.0273297 0.0179211 0.0129928 0.0098566 0.0349463 0.022534 0.0006797 0.0089606 0.0020156 7.421E-05
0.2688166 0.0210573 0.5456977 0.0233844 0.0016782 0.1599459 0.0743726 0.0421146 0.0273297 0.0179211 0.0129928 0.0098566 0.0797493 0.0003622 0.0004621 0.0183692 0.0033541 0.0043633
0.0210573 0.4489237 0.5385293 0.008094 0.000818 0.1590498 0.0743726 0.0416666 0.0268817 0.0179211 0.0129928 0.0098566 0.0103047 0.0009291 0.0004908 0.015681 0.0091805 0.0001434
0.0098566 0.113799 0.5259845 0.0084562 0.0040344 0.1590498 0.0725805 0.0416666 0.0268817 0.0179211 0.0129928 0.0098566 0.014337 0.0140306 0.0023579 0.014337 0.0044249 0.0029668
0.1017023 0.0291218 0.5098555 0.0242504 0.3014421 0.1568097 0.0725805 0.0416666 0.0268817 0.0174731 0.0129928 0.0098566 0.1294806 0.1387472 0.0018857 0.0112007 0.0016377 0.0041289
0.4189059 0.5277766 0.4959666 0.0089286 0.0438927 0.1550176 0.0721325 0.0416666 0.0268817 0.0174731 0.0129928 0.0098566 0.0398746 0.0151014 0.0016394 0.0112007 0.0014645 0.0010778
0.0232974 0.1267918 0.4955186 0.0264708 0.0008568 0.1545696 0.0716844 0.0416666 0.0264336 0.0174731 0.0125448 0.0098566 0.0318101 0.0021573 0.0310356 0.0120968 0.015999 0.0037561
0.6160381 0.016129 0.4905903 0.0004882 0.0408231 0.1527774 0.0716844 0.0412186 0.0264336 0.0174731 0.0125448 0.0098566 0.0134409 0.0037635 0.0011638 0.0107527 0.0007086 0.0028555
0.1487452 0.0215053 0.4802857 0.018676 0.0075746 0.1523294 0.0707884 0.0412186 0.0264336 0.0174731 0.0125448 0.0098566 0.0112007 0.0156368 0.0556148 0.1859323 0.00411 0.0040159
0.1169352 0.0103046 0.4762534 0.0051965 0.0722753 0.1514334 0.0707884 0.0412186 0.0259856 0.0174731 0.0125448 0.0098566 0.0551076 0.02951 0.007384 0.0470431 0.0073854 0.0006122
0.6733856 0.5725794 0.4417553 0.0461703 0.001997 0.1482972 0.0703403 0.0407705 0.0259856 0.0174731 0.0125448 0.0098566 0.0125448 0.0383126 0.0010474 0.0322581 0.0033856 0.0036397
2.8068934 0.0188172 0.4238342 0.0475876 0.1293473 0.1482972 0.0698923 0.0403225 0.0259856 0.0174731 0.0125448 0.0094086 0.060484 0.007905 0.0307691 0.0743729 0.0018789
0.1088707 0.0089606 0.4184579 0.0016692 0.0492882 0.1478491 0.0698923 0.0403225 0.0259856 0.0174731 0.0125448 0.0094086 0.0197133 0.0004567 0.0073351 0.0282259 0.0248845
0.016577 0.0215053 0.4063611 0.0082515 0.021184 0.146057 0.0694443 0.0403225 0.0255376 0.0170251 0.0125448 0.0094086 0.091398 0.0013385 0.001577 0.0188172 0.0039214
0.1854835 0.3978486 0.0313996 0.0115854 0.1442649 0.0689963 0.0403225 0.0255376 0.0170251 0.0125448 0.0094086 0.0125448 0.0013543 0.0027391 0.0116488 0.0002884
0.0286738 0.3942644 0.0086766 0.0100405 0.1438169 0.0689963 0.0398745 0.0255376 0.0170251 0.0125448 0.0094086 0.0112007 0.0005826 0.0098482 0.0479392 3.373E-05
0.3275082 0.388888 0.0075743 0.0701181 0.1424728 0.0685482 0.0398745 0.0255376 0.0170251 0.0125448 0.0094086 0.0259857 0.0045824 0.0060263 0.0434589 0.0223275
0.0273297 0.387992 0.0010236 0.0028723 0.1420248 0.0685482 0.0398745 0.0250896 0.0170251 0.0125448 0.0094086 0.1868283 0.0010236 0.0533749 0.0094086 0.0020729
0.1675624 0.3812716 0.284612 0.0048204 0.1411287 0.0685482 0.0398745 0.0250896 0.0170251 0.0125448 0.0094086 0.0210574 0.0020471 0.0097453 0.030914 0.0019312
0.03181 0.3754472 0.0030864 0.0066065 0.1397846 0.0681002 0.0394264 0.0246415 0.0170251 0.0125448 0.0094086 0.0340503 0.0030707 0.0123073 0.0103047 0.000334
0.0766127 0.3646945 0.0198255 0.0926564 0.1388886 0.0681002 0.0394264 0.0246415 0.0170251 0.0125448 0.0094086 0.0170251 0.0047084 0.001496 0.0098567 0.0004891
0.1523294 0.3588702 0.054469 0.0184146 0.1388886 0.0676522 0.0394264 0.0246415 0.0170251 0.0120968 0.0094086 0.0107527 0.0046611 0.0069253 0.0103047 0.0013105
0.0089606 0.3458774 0.128858 0.0308484 0.1379925 0.0676522 0.0394264 0.0246415 0.0170251 0.0120968 0.0094086 0.015233 0.0909707 0.0038927 0.0533155 0.0721673
0.0528673 0.3445333 0.0031337 0.0006747 0.1330642 0.0672042 0.0394264 0.0246415 0.0170251 0.0120968 0.0094086 0.045699 0.0123457 0.1115281 0.0094086 0.0013493
0.2795693 0.3440853 0.1856733 0.0010626 0.1326162 0.0663081 0.0389784 0.0246415 0.0170251 0.0120968 0.0094086 0.0555557 0.0010551 0.0037831 0.0250897 0.073294
0.0089606 0.3427412 0.1624937 0.0006831 0.1321682 0.0663081 0.0389784 0.0241935 0.016577 0.0120968 0.0094086 0.0125448 0.0071177 0.0031456 0.014337 0.0010575
0.0564515 0.3351247 0.0342026 0.0103373 0.1317201 0.0658601 0.0389784 0.0241935 0.016577 0.0120968 0.0094086 0.0246416 0.0365961 0.0062928 0.0134409 0.0077197
0.0094086 0.3346767 0.518865 0.0219295 0.1308241 0.0658601 0.0389784 0.0241935 0.016577 0.0120968 0.0094086 0.0170251 0.0352419 0.0047091 0.0627241 0.0006342
0.0448028 0.3337806 0.1511243 0.0001349 0.1308241 0.0658601 0.0385304 0.0241935 0.016577 0.0120968 0.0089606 0.0112007 0.0063776 0.0036988 0.0291219 6.915E-05
0.0143369 0.3310925 0.2316075 0.0550548 0.1303761 0.0658601 0.0385304 0.0237455 0.016577 0.0120968 0.0089606 0.0506273 0.0034171 0.0012633 0.0125448 0.0009732
2.0120923 0.3293003 0.4169816 0.0013291 0.1303761 0.065412 0.0385304 0.0237455 0.016577 0.0120968 0.0089606 0.0120968 0.0118418 0.0179626 0.0125448 0.001749
0.6008051 0.3293003 0.0049761 0.1142823 0.129032 0.064068 0.0385304 0.0237455 0.016577 0.0120968 0.0089606 0.0412187 0.0020786 0.0323377 0.0161291 0.0060972
0.0112007 0.323924 0.2500315 0.0014185 0.129032 0.064068 0.0385304 0.0237455 0.016577 0.0120968 0.0089606 0.0237456 0.0107237 0.0016782 0.0103047 0.0009917
0.0120968 0.3216839 0.0240457 0.0017271 0.1285839 0.064068 0.0385304 0.0237455 0.016577 0.0120968 0.0089606 0.0931902 0.0006771 0.0064041 0.0224015 0.0001872
0.0681002 0.3216839 0.2028376 0.0949469 0.1263438 0.064068 0.0385304 0.0237455 0.016577 0.0120968 0.0089606 0.0940862 0.0004882 0.0175662 0.0174732 0.0036195
0.0416666 0.3180997 0.0022676 0.0001063 0.1254478 0.0631719 0.0380824 0.0237455 0.016577 0.0120968 0.0089606 0.014337 0.0020471 0.0041272 0.0138889 0.0217254
0.0188172 0.3136194 0.76444 0.1328403 0.1245517 0.0622759 0.0380824 0.0237455 0.016577 0.0120968 0.0089606 0.0474911 0.0031809 0.0245117 0.0107527 0.0002159
0.0555554 0.3127233 0.0342656 0.0097639 0.1236556 0.0622759 0.0376343 0.0237455 0.016577 0.0120968 0.0089606 0.6236572 0.0011968 0.0012633 0.0286739 0.0027037
0.4672929 0.3091391 0.0459971 0.0025738 0.1232076 0.0618278 0.0376343 0.0237455 0.016577 0.0120968 0.0089606 0.0089606 0.0019054 0.0033227 0.0188172 9.782E-05
0.1205194 0.3060029 0.0040627 0.1227596 0.0604837 0.0376343 0.0237455 0.016129 0.0120968 0.0089606 0.0112007 0.013511 0.004758 0.0479392 0.0073368
0.0210573 0.3006266 0.0281715 0.1223116 0.0604837 0.0376343 0.0232974 0.016129 0.0116487 0.0089606 0.0197133 0.0017164 0.0012633 0.0286739 0.0008113
0.7844965 0.2974904 0.012015 0.1214155 0.0600357 0.0358422 0.0232974 0.016129 0.0116487 0.0089606 0.0129929 0.0021731 0.0014083 0.0107527 0.0001855
0.0797489 0.2943542 0.001433 0.1200714 0.0600357 0.0358422 0.0232974 0.016129 0.0116487 0.0089606 0.0107527 0.0056532 0.0022769 0.0112007 0.0013291
0.0232974 0.2943542 0.0117315 0.1191754 0.0595877 0.0358422 0.0232974 0.016129 0.0116487 0.0089606 0.4077069 0.0032124 0.0026682 0.0116488 0.0008568
0.6223104 0.2889779 0.7031368 0.1191754 0.0591397 0.0358422 0.0232974 0.016129 0.0116487 0.0089606 0.0098567 0.0004252 0.0020746 0.0094086 0.0077382
0.3337806 0.2800173 0.032124 0.1169352 0.0591397 0.0353942 0.0232974 0.016129 0.0116487 0.0089606 0.0215054 0.0048658 0.0026902 0.0094086 0.001916
0.0112007 0.2679206 0.2134511 0.1146951 0.0591397 0.0353942 0.0232974 0.016129 0.0116487 0.0089606 0.0179212 0.0199358 0.0281093 0.0219535 0.0031793
0.0112007 0.2670245 0.0727198 0.113799 0.0586916 0.0353942 0.0228494 0.015681 0.0116487 0.0089606 0.014337 0.00685 0.003633 0.0174732 0.0082021
0.0241935 0.2656804 0.0165974 0.113799 0.0582436 0.0349462 0.0228494 0.015681 0.0116487 0.0089606 0.0103047 0.0089758 0.001496 0.015233 0.0007438
2.8870903 0.2634403 0.0036218 0.1120069 0.0577956 0.0349462 0.0228494 0.015681 0.0116487 0.0089606 0.0318101 0.0008031 0.0028015 0.0188172 0.0010052
0.1339603 0.2612001 0.0316358 0.1102148 0.0577956 0.0349462 0.0228494 0.015681 0.0116487 0.0089606 0.0165771 0.0008976 0.0097639 0.0183692 0.0003137
1.0788506 0.2607521 0.0467057 0.1097668 0.0577956 0.0344981 0.0224014 0.0152329 0.0116487 0.0089606 0.0183692 0.002551 0.0026193 0.0577958 0.0004031
0.0098566 0.25896 0.3101379 0.1088707 0.0573475 0.0344981 0.0224014 0.0152329 0.0116487 0.0089606 0.1760756 0.0358718 0.0023326 0.0165771 0.0010778
0.2625442 0.2571679 0.0487056 0.1079747 0.0568995 0.0344981 0.0224014 0.0152329 0.0116487 0.0089606 0.1276884 0.0003149 0.0067398 0.0201613 0.001039
0.0089606 0.2544797 0.0018267 0.1079747 0.0568995 0.0344981 0.0219534 0.0152329 0.0116487 0.0089606 0.0188172 0.0003937 0.0074363 0.1025988 0.0031709
0.1438169 0.2544797 0.0014645 0.1075266 0.0564515 0.0344981 0.0219534 0.0152329 0.0112007 0.0089606 0.2930113 0.0886716 0.0080756 1.1155936 0.0019987
0.0206093 0.2540317 0.0022833 0.1075266 0.0564515 0.0340501 0.0219534 0.0152329 0.0112007 0.0089606 0.015233 0.0005039 0.0015669 0.0286739
0.0094086 0.2535837 0.1390464 0.1070786 0.0560035 0.0340501 0.0219534 0.0152329 0.0112007 0.0089606 0.0134409 0.0419659 0.0018266 0.0125448
0.3767913 0.2508955 0.0632559 0.1066306 0.0560035 0.0340501 0.0219534 0.0147849 0.0112007 0.0237456 0.0630197 0.0190201 0.0103047
0.0394264 0.2499994 0.1008913 0.1061826 0.0551074 0.0336021 0.0219534 0.0147849 0.0112007 0.0224015 0.0018739 0.0015753 0.0112007
0.0129928 0.2347665 0.0140149 0.1057345 0.0551074 0.0336021 0.0219534 0.0147849 0.0112007 0.0107527 0.0003464 0.012987 0.0228495
0.0174731 0.2334224 0.1045289 0.1052865 0.0551074 0.0336021 0.0215053 0.0147849 0.0112007 0.0470431 0.0004724 0.0059268 0.0322581
0.015681 0.2320783 0.0550517 0.1048385 0.0551074 0.0336021 0.0215053 0.0147849 0.0112007 0.0210574 0.0011968 0.0048136 0.0089606
0.0362902 0.2307343 0.0111017 0.1048385 0.0551074 0.0336021 0.0215053 0.0147849 0.0112007 0.0197133 0.0202507 0.0015753 0.0107527
1.7051933 0.2302862 0.0589097 0.1043905 0.0546594 0.0336021 0.0215053 0.0143369 0.0112007 0.015681 0.0033699 0.0184281 0.015681
0.1930999 0.2302862 0.0549414 0.1039424 0.0546594 0.0336021 0.0215053 0.0143369 0.0112007 0.015233 0.0026927 0.0015669 0.0098567
0.1957881 0.226254 0.0276046 0.1039424 0.0542114 0.0331541 0.0215053 0.0143369 0.0112007 0.0201613 0.1376134 0.001884 0.0129929
0.2379027 0.2222217 0.0020156 0.1039424 0.0533153 0.0331541 0.0215053 0.0143369 0.0112007 0.0094086 0.0018267 0.003213 0.0094086
0.065412 0.2199816 0.0094325 0.1034944 0.0533153 0.0331541 0.0215053 0.0143369 0.0112007 0.0089606 0.0003307 0.0020611 0.0542116
0.0206093 0.2181895 0.0209278 0.1034944 0.0528673 0.0331541 0.0210573 0.0143369 0.0112007 0.0219535 0.0273684 0.0003171 0.0089606
0.0577956 0.2172934 0.1334247 0.1012543 0.0524192 0.032706 0.0210573 0.0143369 0.0107527 0.0192653 0.002803 0.0072171 0.0098567
0.3620064 0.2168454 0.0007716 0.1003582 0.0524192 0.032706 0.0210573 0.0143369 0.0107527 0.0094086 0.0016377 0.0013628 0.075717
0.0147849 0.2168454 0.0044879 0.0994621 0.0515232 0.032706 0.0210573 0.0143369 0.0107527 0.0197133 0.0102356 0.0005127 0.2074377
0.1200714 0.2141572 0.0116371 0.0990141 0.0515232 0.032706 0.0210573 0.0138889 0.0107527 0.0192653 0.0447531 0.0222213 0.0125448
0.0703403 0.2123651 0.0009448 0.0949819 0.0510752 0.032706 0.0210573 0.0138889 0.0107527 0.015233 0.00411 0.0006426 0.0138889
0.0784048 0.210573 0.0059839 0.0949819 0.0510752 0.032706 0.0206093 0.0138889 0.0107527 0.015681 0.0013385 0.0105532 0.014337
0.0474909 0.2087809 0.0578231 0.0936378 0.0497311 0.032258 0.0206093 0.0138889 0.0107527 0.0416668 0.0006771 0.0002193 0.0116488
0.0197132 0.2074368 0.3036187 0.0936378 0.049283 0.032258 0.0206093 0.0138889 0.0107527 0.02957 0.0006929 0.0081886 0.0161291
0.0107527 0.2051967 0.0268802 0.0931898 0.049283 0.032258 0.0206093 0.0138889 0.0107527 0.0188172 0.0012598 0.0490184 0.0089606
1.5654087 0.2051967 0.0746095 0.0927417 0.048835 0.032258 0.0206093 0.0138889 0.0107527 0.1088712 0.0019684 0.0001788 0.0900539
0.2181895 0.2020605 0.0885456 0.0918457 0.048387 0.032258 0.0206093 0.0138889 0.0107527 0.0107527 0.0049446 0.0001906 0.1169357
0.275089 0.2016125 0.0141881 0.0887095 0.047939 0.03181 0.0206093 0.0138889 0.0107527 0.0103047 0.0044879 4.723E-05 0.014337
0.047939 0.2011644 0.0067082 0.0887095 0.047939 0.0313619 0.0206093 0.0138889 0.0107527 0.0232975 0.0172745 0.0004183 0.0107527
0.1370965 0.2002684 0.0074169 0.0878134 0.047939 0.0313619 0.0201613 0.0138889 0.0107527 0.151882 0.0028345 0.0004453 0.0851256
0.0094086 0.2002684 0.0005669 0.0878134 0.0474909 0.0309139 0.0201613 0.0134408 0.0107527 0.0215054 0.0302186 0.0007033 0.1478498
0.0138889 0.1980282 0.0046139 0.0878134 0.0474909 0.0309139 0.0197132 0.0134408 0.0107527 0.0161291 0.0037321 0.0006544 0.0116488




164-1-E(6) continued… 164-1-F(3) continued… 164-1-G(5) continued…
scan scan 25x 75x scan scan scan scan 25x 75x scan scan scan scan 25x 75x scan 25x 75x
0.0331542 0.0125448 0.0762157 0.0155912 0.0474909 0.0179211 0.0152329 0.3284057 0.1268896 0.1004352 0.0972224 1.3727626 0.1384411 0.167115 0.0032281 0.0013004 0.7840518 0.0266597 0.0010727
0.0112007 0.9852129 0.3340577 0.0270923 0.1393366 0.0622759 0.0232974 0.0120968 0.025148 0.0714454 0.0103047 0.1590505 5.7258179 0.1778677 0.0145975 0.0130022 0.0183692 0.142054 0.0092798
0.0188172 0.0434587 0.0115426 0.0118688 2.8113737 0.0784048 0.2670245 2.0255417 1.9625378 0.0004739 10.895183 0.0376345 0.0197133 0.0645163 0.039966 0.0114556 0.0098567 0.0337617 0.0216293
0.0098567 0.0201613 0.010645 0.0109833 0.0291218 0.016577 0.0129928 0.3839613 0.0912069 0.0651037 0.0224015 0.0094086 0.0237456 0.0264337 0.0986395 0.0125974 0.1142475 0.1032218 0.0773891
0.0094086 0.0412186 0.3502772 0.0052876 0.0268817 0.0618278 0.0443547 0.0120968 0.0501701 0.0129364 0.0201613 0.0833335 0.0188172 0.0918461 0.0171485 0.0014151 0.0497313 0.0017794 0.0015163
0.0179212 0.0089606 0.0050076 0.0017457 0.3736551 0.0232974 0.1966842 0.0134409 0.8042171 0.0018131 0.0528675 0.1146956 0.212366 0.0573478 0.0064091 0.0269084 0.0103047 0.0499024 0.0068781
0.0246416 0.0268817 0.0200617 0.0004048 0.0107527 0.016129 0.016577 0.030466 0.0842939 0.0349435 0.015681 0.3539434 0.014785 0.0945342 0.0078578 0.0047192 0.0246416 0.002614 0.1276488
0.0129929 0.1102148 0.2106796 0.0003829 0.1698025 0.0358422 0.0712364 0.0138889 0.1937043 0.0952353 0.2172943 0.0537636 0.2043015 0.0161291 0.0299666 0.0262911 0.0282259 0.225844 0.000506
0.0098567 0.0201613 0.0068027 0.0390251 0.0116487 0.0313619 0.0089606 0.1317207 0.1373457 0.1694367 0.0439069 0.0112007 0.0094086 0.0255377 0.0114481 0.0885208 0.0685485 0.0238883 0.0142452
0.0098567 0.0681002 0.0076216 0.0368544 0.1088707 0.0107527 0.016577 0.015233 0.2293084 8.096E-05 0.0268818 0.0094086 0.014785 0.1191759 0.0096214 0.0134896 0.0887099 0.0093065 0.3006426
0.0241936 0.0999102 0.0025038 0.0231793 0.0896055 0.210573 0.096774 0.2508966 0.0383598 0.0572947 0.014337 0.2508966 0.0237456 0.014337 0.0881047 0.0161629 0.1491939 0.110434 0.0010676
0.0129929 0.0398745 0.0009448 0.0163114 0.0138889 0.0282257 0.0506271 0.0183692 0.2035305 0.0410035 0.1850362 0.6644279 0.0170251 0.015233 0.2507401 0.0047546 0.2840508 0.0418399 4.217E-05
0.015681 0.080197 0.0454145 0.0018857 0.211021 0.5913965 0.0112007 0.0344983 0.0569885 0.0003896 0.0098567 0.0098567 0.0134409 0.0134409 0.0103301 0.002933 0.0748209 0.0006299 0.0035419
0.0129929 0.0219534 0.0318405 0.0057632 0.0461469 0.0134408 0.0120968 0.0107527 0.0808453 0.0212852 0.0129929 0.6541232 0.030914 0.0394266 0.0010551 0.0039416 2.9175686 0.047808 0.0112734
0.0183692 0.0573475 0.0282817 0.0103559 0.0241935 0.1232076 0.3758952 0.015233 0.025148 0.1071344 0.0161291 0.0421148 0.0488352 0.014337 0.0020156 0.0081363 0.0098567 0.056028 0.0264986
0.0179212 0.0120968 0.0389739 0.0729803 0.0098566 1.8516984 0.0192652 0.5358434 0.025148 0.070447 0.0443549 0.0098567 0.0533155 0.0103047 0.1221655 0.0507843 0.0241936 0.0011495 4.723E-05
0.015681 0.4677409 0.0462018 0.0300455 0.9704279 0.0573475 0.6187262 1.2549308 0.025148 0.2765745 0.0385305 0.1084232 0.8445357 0.5465961 0.0234159 0.0004402 0.0922941 0.0006771 0.0058037
0.0138889 0.0716844 0.0136369 0.0078108 0.9018797 0.0143369 0.0846772 0.0206094 0.0340451 0.0003373 0.0125448 0.0107527 0.0268818 0.1339608 0.0040785 0.0172812 0.0098567 0.0087554 0.0082493
0.0380825 0.0129928 0.2661407 0.0679676 0.0183691 0.3642465 0.178315 0.0389786 0.0167391 0.0482948 0.0125448 0.544804 0.0098567 0.0215054 0.0353049 0.0194755 0.0394266 0.0015432 0.0019919
0.0112007 0.0183691 0.0056217 0.002594 1.4919322 0.2020605 0.0416666 0.0215054 0.099789 0.0003036 0.0098567 0.8257185 0.4910404 0.0421148 0.0549414 0.0006797 0.0098567 0.0003779 3.542E-05
0.0094086 0.0367383 0.0028502 0.0363518 0.1052865 0.2387988 0.0304659 0.0689966 0.1569822 0.3204217 0.0461471 2.9672998 0.3422946 0.0098567 0.0033384 0.0018806 0.0094086 0.0009921 4.217E-05
0.0094086 0.5116476 0.0046139 0.0912059 0.1155911 0.016129 0.1599459 0.1581544 0.0646573 6.409E-05 0.0322581 0.0232975 0.0116488 0.0134409 0.0126921 0.0161157 0.014785 0.0050706 4.554E-05
0.0094086 0.0120968 0.0549257 0.0252522 0.032258 0.0197132 0.0389784 0.015233 0.6510456 0.0064733 0.1008067 0.0134409 0.0098567 0.060932 0.0234159 0.0262608 0.0990145 0.0051965 0.0054377
0.0094086 0.0779568 0.0187075 0.0159487 1.6232043 0.0421146 0.0170251 0.0089606 0.1759732 0.0231692 0.0129929 0.0112007 2.7544858 0.0246416 0.0877268 0.0109681 0.0344983 0.0030392
0.0170251 0.1155911 0.0130228 0.0193119 0.0125448 0.0443547 0.371863 1.5793042 0.0509102 9.614E-05 0.0250897 0.0120968 0.076165 0.060484 0.0699798 0.1213729 0.2240148 0.0030707
0.014337 0.1698025 0.0552879 0.0080621 0.1559136 0.1554656 0.0107527 7.3602298 0.0341553 0.0006814 0.0860217 0.0138889 0.0358424 0.0107527 0.2211042 0.0007168 0.0506273 0.1936099
0.0138889 0.0734765 0.1112686 0.2067769 0.5291207 0.0197132 0.0224014 0.0165771 0.0026455 0.2165627 5.7155132 0.1276884 0.0089606 0.0689966 0.0118733 0.0005515 0.2773303 0.0177942
0.0237456 0.2029565 0.2236395 0.1270788 0.0232974 0.420698 0.0658601 0.2002692 0.0004409 8.602E-05 0.0703406 0.0394266 0.0098567 0.0416668 0.0139991 0.0032974 0.0591399 0.0159045
0.0125448 0.0241935 0.4132496 0.0016782 0.0398745 0.016129 0.0134408 0.0103047 0.0298564 0.0658846 0.0564517 0.0125448 0.0188172 0.0089606 0.0023621 0.0064918 0.0107527 0.0042045
0.0174732 0.0573475 0.0031809 0.0008619 0.0188172 0.3642465 0.0210573 0.2047495 0.0416352 0.0564041 0.0103047 0.0371865 0.2782264 0.0134409 0.0010078 0.0009428 0.0098567 0.002425
0.0241936 0.4189059 0.007779 0.0029449 0.0309139 0.0667561 0.0613798 0.0134409 0.0006299 4.554E-05 0.0183692 1.2087838 0.0949823 0.0134409 0.0137629 0.0004335 0.0931902 0.1764298
0.0327062 0.0994621 0.0066138 0.0454562 0.0793009 0.0456988 0.1482972 0.0134409 0.0006929 0.0090538 0.0716847 0.0098567 0.0586919 0.0125448 0.0016062 0.0765323 0.0138889 0.0134795
0.0170251 0.0313619 0.0636338 0.0062877 0.2732969 0.0125448 0.2925621 0.0479392 0.0010078 0.0001147 0.0793012 0.0120968 1.272852 0.0103047 0.0008818 0.0554933 0.0219535 0.0015275
0.0116488 0.0663081 0.0168966 0.0151155 0.0510752 0.0896055 0.2141572 0.0250897 0.0003149 4.217E-05 0.0129929 0.0094086 0.0210574 0.0098567 0.0068657 0.0035453 0.0264337 0.1320547
0.0138889 0.0560035 0.0250693 0.0074397 0.016577 0.2674725 0.0098566 0.0094086 0.0006299 0.015681 0.4014345 0.0206094 0.0416668 0.0486741 0.001437 0.030018 0.0085034
0.0479392 0.0112007 0.2930052 0.0655035 0.0412186 0.1850354 0.0107527 0.0349463 0.1782722 0.0103047 0.0120968 0.0089606 0.0161291 0.0054642 0.0705364 0.0161291 0.0101254
0.0134409 0.016129 0.0049446 0.1975342 0.032258 0.1715946 0.0206093 0.2965956 0.0169753 0.0206094 0.0336022 0.1922047 0.0197133 0.0007716 0.0017086 0.0353943 0.0003149
0.0210574 0.0224014 0.057461 0.1026362 0.0371863 1.4914841 0.0098566 0.0586919 0.9262409 0.0215054 0.0515234 0.0430108 0.0430108 0.0101096 0.0350295 0.0510754 0.0164399
0.0860217 0.032706 0.0009763 0.0213055 0.0349462 2.1971277 0.1756269 0.0416668 0.0014645 9.1631008 0.0161291 0.1859323 0.0134409 0.0100151 0.0097841 0.0551076 0.0044564
0.0474911 0.0098566 0.0300454 0.0929398 0.0103046 0.2535837 0.080197 0.2083338 0.4877173 0.0259857 0.1008067 0.3077963 0.0268818 0.0441075 0.0012599 0.5488362 0.0012125
0.0103047 0.0201613 0.0072909 0.0306173 0.016577 0.129032 0.0730285 0.0739249 0.269857 0.1344089 0.0089606 0.0241936 0.0134409 0.0161092 0.4663873 0.0183692 0.0006141
0.0120968 0.4462356 0.0801997 0.0060466 0.6662172 0.1276879 0.2885298 0.196237 0.0417139 0.3691764 2.5533205 0.0170251 0.0367384 0.0065193 0.093547 0.0255377 0.0038108
0.0430108 0.0107527 0.0203452 4.554E-05 0.0631719 0.0246415 0.0094086 0.0206094 1.0024723 0.150986 0.0528675 0.0103047 0.0327062 0.017495 0.006082 0.0313621 0.0101096
0.0161291 0.0152329 0.0114638 0.0008349 0.0188172 0.0134408 0.2383507 0.1738355 0.3038076 0.0089606 0.0134409 0.0573478 0.2011653 0.1245906 0.0142958 0.0465951 0.0010551
0.1783158 0.0793009 0.0036533 0.0067381 0.0112007 0.0192652 0.0094086 0.105287 0.0031494 0.0712367 0.2051975 1.6267954 0.0282259 0.0274943 0.0128538 0.0394266 0.0003779
0.0125448 0.0224014 0.0147392 0.0151375 0.0362902 0.2446231 0.0819891 0.0098567 0.0007401 0.015681 0.7137111 0.0112007 0.0793012 0.0053383 0.0078276 0.0228495 0.0342813
0.0179212 0.0206093 0.0048343 0.0003761 0.0116487 0.0103046 0.0107527 0.0138889 0.0162667 0.0362904 0.015681 0.3172049 0.1276884 0.0156841 0.0163316 0.1612907 0.0313366
0.0412187 0.2562718 0.0010708 0.0145944 0.4439954 0.016129 3.5685404 0.0380825 0.0375095 0.0138889 0.0712367 0.0134409 0.0510754 0.0893172 0.0006392 0.0291219 0.0005669
0.0138889 0.0663081 0.4865993 0.0018098 1.6899604 0.015681 0.6917547 0.0094086 0.3065949 0.030466 0.0371865 0.0398746 0.1267924 0.0199987 0.0999781 0.6075281 0.0013857
0.0116488 0.0542114 0.0008661 0.0215821 0.2195336 1.0949796 0.0103046 0.6545712 0.0005669 0.015681 0.0120968 0.0094086 0.0698926 0.001559 0.0218401 0.2504485 0.0409738
0.0107527 0.0240457 0.0083606 0.0107527 0.0434587 0.0416666 0.2741941 0.5770621 0.0089606 0.0116488 0.0098567 0.055902 0.0095143 0.0407707 0.0036691
0.016577 0.1885393 0.0376168 0.5524181 0.0461469 0.0089606 0.0094086 5.1783258 0.0125448 0.0264337 0.0192653 0.00411 0.0155102 0.0282259 0.0009448
0.0228494 0.1124654 0.0068932 0.0241935 0.0336021 0.0958779 0.0197133 0.0707887 0.0098567 0.0112007 0.1236562 0.0011968 0.0182746 0.0340503 0.8111143
0.4708771 0.8838183 0.0038759 0.1823473 0.1276879 0.0094086 0.0367384 0.030914 0.2598572 0.6532271 0.0134409 0.160982 0.0011402 0.0107527 0.002614
0.0179211 0.0004567 0.0004099 0.0344981 0.0120968 0.0416666 4.9148844 0.015233 1.2907732 0.0170251 0.0107527 0.0030549 0.1488835 0.3624559 0.007779
0.0197132 0.0007244 0.0163232 0.0793009 0.1402327 0.0246415 0.1868283 0.0322581 0.9336936 0.409499 0.0103047 0.0156368 0.0676286 0.0228495 0.0070862
0.0120968 0.4437358 0.0039754 0.0461469 0.0089606 0.145609 1.0658624 0.182348 0.014785 0.3248214 0.1070791 0.0048816 0.004876 0.0483872 0.0068342
0.0112007 0.0010393 0.0050548 0.0291218 0.0931898 0.0147849 0.0116488 0.1550182 0.106183 0.0367384 0.0098567 0.0017007 0.0028082 0.0098567 0.0087869
0.0192652 0.2705971 0.3465458 0.0694443 0.0143369 0.0147849 0.0922941 0.0255377 0.0533155 0.2849468 0.0192653 0.0087081 0.0056401 0.0206094 0.0081885
0.0120968 0.0078578 0.0017389 3.8633426 0.0232974 0.0094086 0.015233 0.7383527 0.0188172 0.1344089 0.0403227 0.0728143 0.0125013 0.014337 0.0053225
0.0797489 0.015999 0.0284399 0.3660386 0.1312721 0.0116487 0.0125448 0.0089606 0.9009875 0.0134409 0.0259857 0.3665124 0.0015972 0.0250897 0.0115741
0.016129 0.1967278 0.0014218 0.0304659 0.0353942 0.0340501 0.015233 0.0385305 0.1084232 0.0353943 0.030466 0.051918 0.0003103 0.0887099 0.0129913
0.1532255 0.0014015 0.0018924 0.0336021 0.0855733 0.0112007 0.0237456 0.5179222 0.0098567 0.0268818 0.0564517 0.0015905 0.009182 0.0358424 0.0009921
0.0403225 0.0555083 0.0439067 0.4247302 0.0246415 0.0663084 0.0568998 0.8127256 0.0112007 0.5237466 0.0104088 0.0294215 0.1258963 0.0025353
0.0098566 0.0350529 0.0779568 0.0143369 0.1689064 0.2253589 0.7455212 0.0129929 0.0107527 0.0178729 0.0105735 0.0197133 0.0003149
0.0103046 0.0803729 2.3436328 0.0125448 0.0094086 0.030466 0.1339608 0.2343195 0.0129929 0.0053855 0.0024878 0.0116488 0.0097632
0.065412 0.1667926 0.0116487 0.3055549 0.0120968 0.0112007 0.0129929 0.0094086 0.0627241 0.0644211 0.0004773 0.0376345 0.0037163
0.0183691 0.0816169 0.0412186 0.0246415 0.1720426 0.1733874 0.0896059 0.0694446 0.0470431 0.0342971 0.0066335 0.0215054 0.1147959
0.0497311 0.0027715 0.0353942 1.6124516 0.0219534 0.0165771 0.0376345 0.0129929 0.3911298 0.0012755 0.0005853 0.0425628 0.0615394
0.0470429 0.0509732 0.1644262 0.5851241 0.1496412 0.0443549 0.2405919 1.3301998 0.0112007 0.0297147 0.1188835 0.2741941 0.0136054
0.0246415 0.0159675 0.0349462 0.0936378 0.0170251 0.0107527 0.0515234 0.6487468 0.0846776 0.007779 0.0005853 0.0515234 0.026518
0.3194437 0.0789872 0.1724907 0.0094086 0.0120968 0.0120968 0.0089606 0.015681 0.0990145 0.0203137 0.0324271 0.0564517 0.0036218
0.0618278 0.0093065 0.1030464 0.145161 0.0143369 0.0134409 0.0501793 1.5259887 0.014785 0.0004409 0.0021808 0.0259857 0.0018109
0.048387 0.0035588 0.0999102 0.0134408 0.2477593 0.0586919 0.0161291 0.0631722 0.0183692 0.0046611 0.004785 0.0645163 0.0015905
0.0273297 0.4449484 0.0120968 0.0595877 0.0882615 0.0340503 0.0954303 0.1353049 0.0206094 0.1123551 0.0008433 0.0492833 0.011826
0.016129 0.1146699 11.35795 0.015681 0.0107527 0.015233 0.2168463 0.0134409 0.0430108 0.0178571 0.0000759 0.0775091 0.0011653
0.0600357 0.0493827 0.0376343 0.0094086 0.0595877 0.0112007 0.044803 0.0425628 0.0349463 0.0119205 0.0004655 0.0120968 0.0040312
1.1720404 0.0074326 2.2159449 0.0309139 0.3615583 0.0882618 0.1303766 0.2441761 0.0748209 0.0226442 0.0089172 0.0129929 0.0564059
0.3615583 0.0050076 0.1993723 0.0860213 0.1890677 0.0353943 1.8772439 0.0474911 0.0219535 0.0005354 0.0026295 0.0161291 0.034864
0.0707884 0.0027557 0.0107527 0.8449802 0.0125448 0.0564517 0.0255377 10.57081 0.0940862 0.0012598 0.0245488 1.7240178 0.0924036
0.0174731 0.0176839 0.0143369 0.0107527 0.0094086 0.1886205 0.0443549 0.0443549 0.015233 0.0003464 0.0020577 0.0371865 0.0200145
0.0103046 0.0010236 0.0116487 0.3552859 0.0112007 0.1164877 0.2961476 0.0112007 0.1980291 0.0261243 4.891E-05 0.0103047 0.2012787
0.0228494 0.0511779 0.0452508 0.1236556 0.0116487 0.014337 0.106183 0.0197133 0.0089606 0.0288958 0.0001012 0.0197133 0.0009921
0.0775088 0.0114638 0.0358422 0.0846772 0.0103046 1.7764372 0.0120968 0.0371865 0.015233 0.4379409 0.0003846 0.0259857 0.0065508
0.0094086 0.0198728 0.0129928 0.0313619 0.0134408 0.0259857 0.030018 0.0103047 0.0277778 0.085097 0.0035875 0.0327062 0.0013385
0.0246415 0.0014172 0.0129928 0.0394264 0.0188172 1.075719 0.0640682 0.0501793 0.3073483 0.1175359 0.0133614 0.0120968 0.0015117
0.2155013 0.0493827 0.0743726 0.291218 0.0945338 0.3203411 0.0103047 0.2352155 0.1133515 0.0804674 0.0018924 0.0967744 1.2996347
0.1052865 0.0071019 0.0524192 0.2002684 0.0120968 0.0246416 0.0255377 0.0250897 0.0138889 0.0034329 0.0127661 0.0107527 0.0003149
0.0241935 0.0054327 0.0232974 0.0098566 0.2025085 0.0855737 0.0291219 0.0398746 0.0291219 0.0350214 0.0006662 0.0241936 0.0860103
0.0309139 0.0667675 0.0430107 0.0098566 0.049283 0.0116488 0.0120968 0.0322581 0.02957 0.0196996 0.0060213 0.0268818 0.0062358
0.0116487 0.1814374 0.0094086 2.2482029 0.0824371 0.0766131 0.014337 4.6747405 0.0318101 0.0108182 0.0154748 0.1733874 0.0147392
0.0743726 0.0112591 1.0586894 0.2137092 0.1196234 0.0470431 0.0591399 0.0322581 0.0098567 0.0116056 0.0012397 0.1321687 0.0566421
0.080197 0.0037163 0.0098566 0.1151431 0.2132612 0.0125448 0.106631 0.015233 0.0416668 0.0096372 0.0015804 0.0206094 0.0718695
0.0125448 0.0023621 0.1630821 0.0112007 0.2656804 0.0210574 0.014337 0.0551076 0.0129929 0.002803 0.0360381 0.014337 0.0055272
0.0918457 0.0271951 0.0107527 0.1599459 0.0152329 0.030914 0.0138889 0.1187278 0.0797493 0.0058422 0.0015045 0.1796599 0.190429
0.0138889 0.0020314 0.096774 0.3422931 0.0089606 0.0434589 0.4319005 0.0389786 0.0358424 0.0311949 0.0579727 0.1913086 0.0448633
0.0241935 0.0008031 0.0232974 0.0215053 0.0129928 0.0322581 0.0246416 0.6388902 0.0125448 0.0029447 0.0049384 0.0224015 0.1009228
0.0112007 0.010582 0.03181 0.0116487 0.3154115 0.0336022 0.1984771 0.0161291 0.0134409 0.0012125 0.0168528 0.0421148 0.0846403
0.0098566 0.0006614 0.0246415 0.0855733 0.0864693 0.0098567 2.0129969 0.3373663 0.0318101 0.0011338 0.0962911 0.0107527 0.0143771
0.0618278 1.5285651 0.0250896 0.0170251 0.016129 0.727152 0.0165771 0.0967744 0.0089606 0.0118575 0.0180722 0.4072589 0.0156211
0.129032 0.0017794 0.5537622 0.226254 0.0304659 1.1621887 0.0255377 0.0103047 0.1917567 0.0009448 0.0161275 0.1232081 0.0134952
0.0098566 0.0003622 0.0170251 0.2365586 0.2531356 0.0810934 0.0232975 0.0094086 0.0116488 0.0610198 0.0190234 0.1379931 0.0147235
0.2853936 0.0048816 0.0264336 0.0120968 0.0582436 0.0421148 0.0089606 2.0403267 0.030466 0.095553 0.0207253 0.0645163 0.0104088
0.5327049 0.0973325 0.0425626 0.0533153 0.0094086 0.2809145 0.0094086 0.0183692 0.0165771 0.0748142 0.0196391 0.1017027 0.0135897
0.0183691 0.3157596 0.0627239 0.0120968 0.016129 0.0103047 0.0313621 0.2809145 0.0331542 0.0057949 0.0413442 0.0107527 0.0011495
0.5094075 0.0010078 0.1249997 0.0089606 0.0380824 0.2320793 0.015681 0.0439069 0.0837815 0.0168966 0.1249941 0.2155022 0.015999
0.0107527 0.0146133 0.2661284 0.0573475 0.0107527 0.0528675 0.0116488 0.0094086 0.0103047 0.0006771 0.0141693 0.0672044 0.0374307
13.588679 0.0176052 0.2732969 0.0138889 0.0112007 0.1474017 0.0291219 0.0188172 0.0318101 0.0066767 0.0009209 0.0161291 0.0104718
0.0112007 0.0614607 0.0439067 0.0125448 0.081541 0.0192653 0.0125448 0.0864697 0.4744633 0.0085979 0.0376758 0.0089606 0.113174
0.0949819 0.0081885 0.1702505 0.1097668 0.0103046 0.1760756 0.0134409 1.0510774 0.2141581 0.0802784 0.0168663 0.0224015 0.095805
0.1245517 0.8857507 0.0250896 0.129928 0.847672 0.0331542 0.2101259 0.0439069 0.0121252 0.0065559 0.1913086 0.0091963
Appendices
A-32
L8- Images analyzed with Spreadsheet routine
For each magnification, vesicle areas given in mm^2
scan 25x scan scan scan scan
0.0676525 0.0003779 0.0215054 0.030466 0.0129929 0.0125448
0.0089606 0.011763 0.0094086 0.0770611 0.0645163 0.0089606
0.0120968 0.0007716 0.045699 0.1129035 0.0425628 0.0179212
0.0353943 0.0166761 0.0241936 0.0389786 0.1164877 0.0116488
0.0371865 0.0320452 0.1944448 1.2759882 0.0098567 0.1043909
0.0112007 0.0141881 0.1675631 0.0098567 0.0313621 0.226703
0.0134409 0.323334 0.0882618 0.0672044 0.0206094 1.1241062
0.0564517 0.0045352 0.0412187 0.121864 0.045699 0.0210574
0.0259857 0.0042045 0.0533155 0.2235668 0.3140687 0.045251
0.0161291 0.1090483 0.0103047 0.0112007 1.0631742 0.0430108
0.0103047 0.0077948 0.0703406 1.0931922 0.0138889 0.0098567
0.0206094 0.0013543 0.0694446 0.394266 0.1984771 0.1012547
0.0112007 0.3400888 0.0492833 0.1541222 0.3261655 0.1173838
0.0170251 0.0043462 0.0201613 0.0259857 0.0380825 0.0380825
0.0439069 0.0021259 0.1281365 0.0640682 0.0192653 0.1554663
0.1393372 0.0004252 0.121864 0.0739249 0.0268818 0.0174732
0.060932 0.0171013 0.0734769 0.196237 0.0367384 0.0864697
0.0470431 0.0050233 0.0425628 0.0537636 0.014337 0.0940862
0.1017027 0.0187862 0.0098567 0.0882618 0.1895165 0.014337
0.0819894 0.0021101 0.0107527 0.0134409 0.091398 0.0336022
0.4153234 0.0030864 0.0398746 0.0125448 0.0161291 0.0201613
0.0107527 0.4853868 0.3525993 0.1756276 1.9475845 0.0461471
0.0116488 0.0032124 0.2656815 0.1478498 0.0501793 0.0730288
0.0107527 0.161108 0.0264337 0.0206094 0.0246416 0.0250897
0.0282259 0.0028502 0.3696244 0.2840508 0.014785 0.0224015
0.0833335 0.0003307 0.0501793 0.0416668 0.0120968 0.0219535
0.0573478 0.06387 0.0206094 0.0358424 0.0120968 0.1263443
0.0094086 0.0007874 2.1272444 0.1612907 0.0170251 0.0918461
0.0528675 0.0021101 0.2558249 0.0206094 0.4614705 0.0443549
0.0107527 0.0147392 0.0179212 0.0340503 0.3073483 0.1657709
0.0089606 0.0069287 0.0510754 0.0416668 0.0927421 0.0318101
0.0103047 0.0083459 0.0103047 0.1182798 0.1008067 0.0824374
0.0089606 0.0034958 0.0492833 0.0206094 0.0465951 0.0112007
0.0228495 0.0139361 0.0331542 0.0577958 0.0591399 0.0394266
0.060932 0.015233 0.181004 0.0129929 0.0931902
0.3696244 0.0255377 0.2670256 0.0089606 0.0138889
0.1948929 0.015681 0.1433695 0.1137995 0.014785
0.0183692 0.015233 0.0389786 1.5887129 0.0246416
0.0094086 0.0900539 0.0801973 0.014785
0.1075271 0.0224015 0.0779572 0.0116488
0.0887099 0.1496419 0.0344983 0.0336022
0.014337 0.0228495 0.0488352 0.0972224
0.0591399 0.1680111 0.0380825 0.0470431
0.0806453 0.014337 0.075269 0.0703406
0.0103047 0.0389786 0.7943564 0.0125448
0.1012547 0.0174732 0.0089606 0.9207008
0.014785 0.060932 0.1012547 0.0255377
0.015681 0.0878138 0.1043909 0.0165771
0.060036 0.2432801 0.0197133 0.0116488
0.0134409 0.1258963 0.0232975 0.0936382
0.1756276 0.0851256 0.0161291 0.1151436
0.0103047 0.0264337 0.0165771 0.0716847
0.197581 0.0228495 0.0398746 0.0237456
0.0891579 0.2047495 0.0138889 0.0138889
0.014337 0.0322581 0.0219535 0.0645163
0.1630828 0.0120968 0.0134409 0.015233
0.0286739 0.0775091 0.015233 0.044803
0.0161291 0.0775091 0.015233 0.0103047
0.0658604 0.030914 0.0470431 0.0116488
0.014337 0.0891579 0.060036 0.0398746
0.3830653 0.1079751 0.0537636 3.7190935
0.076165 0.0094086 0.1953409 0.0125448
0.014337 0.1886205 0.3499111 0.1169357
0.075269 0.076165 0.0103047 0.105735
0.0533155 0.076165 0.0183692 0.0259857
0.0107527 0.0336022 0.0219535 0.1577064
0.0241936 0.0112007 0.0201613 0.0681005
0.0129929 0.0107527 0.1868283 0.0627241
0.0291219 0.0161291 0.0855737 0.0210574
1.151436 0.1711473 0.0112007 0.09095
0.7190875 0.0103047 0.1379931 0.6223131
0.1550182 0.0376345 0.2101259 0.1164877
0.0779572 0.1160397 0.0103047 0.0555557
0.0573478 0.0125448 0.0537636 0.015233
0.0112007 0.0107527 0.1088712 0.0174732
0.0094086 0.0112007 0.4816318 0.0730288
0.0246416 0.0663084 0.3413985 0.1980291
0.1648749 0.0134409 0.2594091 0.0089606
0.0860217 0.242832 0.1227601 0.060036
0.2249108 0.0197133 1.3006298 0.0179212
0.0179212 0.0112007 0.0206094 0.0367384
0.0851256 0.0170251 0.0349463 0.5555567
0.0268818 0.0819894 0.1330648 0.0362904
0.0506273 0.0421148 0.0094086 0.0282259
0.0174732 0.0430108 0.0107527 0.015233
0.0340503 0.045251 0.0636202 0.0595879
0.0689966 0.075269 0.0197133 0.0103047
0.0116488 0.3960581 0.0931902 0.2396958
0.0125448 0.0506273 0.0577958 0.0927421
0.0098567 0.0232975 0.0098567 0.5985675
0.2464163 0.1989251 0.2468643 0.0869177
0.0228495 0.0206094 0.1720434 0.014337
0.0116488 0.0510754 0.0282259 0.0246416
0.1715953 0.030914 0.0224015 0.2710579
0.0349463 0.0555557 0.0622761 0.0228495
0.2616493 1.4968668 0.1487458 0.0089606
0.0640682 0.3835133 0.0103047 0.1375451
0.0094086 0.0224015 0.0349463 0.015233
0.1451616 0.0389786 0.0743729 0.0860217
0.2692658 0.1895165 0.1012547 0.0183692
0.0336022 0.0398746 0.2083338 0.015233
0.0094086 0.0788532 0.1724914 0.0161291
0.2280471 0.1482978 0.0125448 0.1827961
0.0394266 0.015681 0.0492833 0.0224015
0.0371865 0.0112007 0.3611118 0.0255377
0.030914 0.0336022 0.0474911 0.0183692
0.0120968 0.0165771 0.0528675 0.0349463
0.0492833 0.2464163 0.015233 0.0170251
0.4301084 0.0533155 0.0918461 0.349015
0.0537636 0.0237456 0.1751796 0.0349463
0.150986 0.2128141 0.1075271 0.0250897
A-33
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Appendix C.2. WDS microprobe analyses.
Crystal SiO2 FeO MnO MgO CaO Total
L8
L8-Ol-01 core 39.38 16.63 0.23 43.52 0.28 100.04
L8-Ol-02 core 39.22 15.29 0.26 44.72 0.28 99.77
L8-Ol-03 core 39.71 15.80 0.25 44.42 0.31 100.49
L8-Ol-04 core 38.92 17.06 0.25 42.84 0.30 99.37
L8-Ol-05 core 37.95 16.84 0.24 42.96 0.30 98.29
L8-Ol-06 core 39.27 16.22 0.24 44.77 0.29 100.79
L8-Ol-07 core 40.73 11.30 0.19 48.30 0.26 100.78
rim 38.59 17.73 0.24 42.86 0.32 99.74
L8-Ol-08 core 40.35 10.94 0.14 48.25 0.28 99.96
rim 39.62 15.57 0.20 44.68 0.28 100.35
L8-Ol-09 core 39.20 16.64 0.21 43.39 0.30 99.74


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix C.4. SIMS analyses.
Equations used here are:
CO2 ppm = 13456*(12C/30Si) …cf  y=13998*x used in September 2008.
water wt% = 0.405*(16O1H/30Si)-0.0117 … cf y=0.395*x-0.0088
F ppm = 396*(19F/30*(19F/30Si)-35.9 …cf y=399.8*x-30.4
S ppm = 669*(32S/30Si)-1.83  … cf y=627*x
Cl ppm = 737*(35Cl/30Si) … cf  y=647x or y=703x-9.3 July 2008
Sample Incl. Date C/Si OH/Si F/Si S/Si Cl/Si CO2 (ppm) H2O wt% F (ppm) S (ppm) Cl (ppm)
Northern cone glass selvage matrix glass
NC-10-5G 20-Nov-08 0.00649 1.43200 2.13900 1.11200 0.66360 88 0.57 811 742 489
NC-10-13G 20-Nov-08 0.00892 1.49600 2.17000 2.10000 0.73710 121 0.59 823 1403 543
L7-04-G 5-Sep-08 0.00502 2.37097 2.36446 1.45695 5.13314 70 0.90 946 925 3337
Southern cone glass selvage matrix glass
L1-03-S1 5-Sep-08 0.00567 1.53624 1.50633 1.38641 0.82598 79 0.56 592 880 537
L1-05-S1 5-Sep-08 0.00574 1.76987 1.51353 1.52711 0.86032 80 0.65 595 970 559
L1-10-S1 5-Sep-08 0.00583 1.49799 1.49879 1.37663 0.80077 82 0.54 589 874 521
L1-12-S1 5-Sep-08 0.00589 1.43832 1.43308 1.30552 0.72738 82 0.52 562 829 473
Northern cone GI
L7-04 A 5-Sep-08 0.01488 3.52687 1.19003 2.63145 0.61884 208 1.38 462 1671 402
L7-04 B 5-Sep-08 0.04197 3.79806 1.23862 3.23881 1.46073 588 1.49 482 2057 949
L7-04 C 5-Sep-08 0.03962 3.50348 1.22860 2.85428 0.56856 555 1.37 478 1812 370
NC10-1 A 20-Nov-08 0.00746 1.86800 2.39400 2.14200 1.44100 101 0.75 912 1431 1062
NC10-1 B 20-Nov-08 0.01015 1.92700 2.91200 2.17800 3.41800 137 0.77 1117 1455 2519
NC-10-2 A 20-Nov-08 0.00864 2.01900 2.64700 2.40300 0.21970 117 0.81 1012 1606 162
NC-10-3 A 20-Nov-08 0.00879 1.99700 3.05400 2.15400 0.65660 119 0.80 1173 1439 484
NC-10-4 A 20-Nov-08 0.01264 1.80600 2.90900 2.14300 0.20500 171 0.72 1116 1432 151
NC-10-5 A 20-Nov-08 0.00971 1.89800 2.72200 2.07500 0.47350 132 0.76 1042 1386 349
NC-10-6 A 20-Nov-08 0.00826 1.90100 2.46800 2.18400 0.47670 112 0.76 941 1459 351
NC-10-7 A 20-Nov-08 0.00247 2.05200 2.95100 1.95000 0.59510 33 0.82 1133 1303 439
NC-10-8 A 20-Nov-08 0.00593 1.73300 2.26600 1.87100 0.46750 80 0.69 861 1250 345
NC-10-11 A 20-Nov-08 0.00650 1.96500 2.55900 1.85300 0.57550 88 0.78 977 1238 424
NC-10-11 B 20-Nov-08 0.00510 1.97900 2.69100 1.76300 0.53020 69 0.79 1030 1178 391
NC-10-13 A 20-Nov-08 0.01476 1.96200 2.46300 1.96100 0.37240 200 0.78 939 1310 274
NC-10-14 A 20-Nov-08 0.00585 2.00200 2.16000 2.01400 0.39450 79 0.80 819 1346 291
NC-10-15 A 20-Nov-08 0.00815 1.93600 2.51100 2.24100 0.35060 110 0.77 958 1497 258
Southern cone GI
L1-01 A 5-Sep-08 0.02562 2.26867 2.24244 2.50361 0.20131 359 0.86 896 1590 131
L1-01 B 5-Sep-08 0.04301 2.14169 2.11258 2.40630 0.34972 602 0.81 842 1528 227
L1-01 C 5-Sep-08 0.02358 1.92410 2.02289 2.45822 0.55505 330 0.72 805 1561 361
L1-01 D 5-Sep-08 0.03316 2.06533 2.07093 2.28905 0.34905 464 0.77 825 1454 227
L1-02 A 5-Sep-08 0.00691 1.83327 1.48467 2.46063 0.83077 97 0.68 583 1563 540
L1-03 A 5-Sep-08 0.02220 2.08093 1.56258 2.97114 0.28240 311 0.78 615 1887 184
L1-05 A 5-Sep-08 0.02423 2.29682 2.04528 2.77855 0.71636 339 0.87 814 1764 466
L1-10 A 5-Sep-08 0.00838 1.50602 1.45080 1.70981 0.79638 117 0.54 569 1086 518
L1-10 B 5-Sep-08 0.01908 1.90805 1.68271 2.95459 6.27627 267 0.71 665 1876 4080
L1-11 A 5-Sep-08 0.05308 2.16339 1.70898 3.27678 9.71667 743 0.81 676 2081 6316
L1-11 B 5-Sep-08 0.03836 2.07666 1.70738 3.60536 10.21568 537 0.78 675 2289 6640
L1-12 A 5-Sep-08 0.01016 1.68624 1.51285 1.92020 0.79707 142 0.62 595 1219 518




Appendix D. Fine ash image analysis.
Appendix D.2. Ash morphology MATLAB code.
clear all 
%sample=input('sample name?','s'); 
%User is prompted for number of fines 
%no_of_fines=input('how many fine images?'); %asks user for 











%Collects each image 
  
for i=1:no_of_fines                         %loops for 
specified number of particles 
    %I=imread([sample,'_',num2str(start_no+i-1),'g.tif']);    
%imports image of 1 grain 
    I=imread([num2str(start_no+i-1),'g.tif']);    %imports 
image of 1 grain 
    I=im2double(I);                         %changes file 
    I=im2bw(I,0.001);                       %makes binary w 
v. low threshold 
    I=bwareaopen(I,1000); 
    I=bwlabel(I); 
    %figure 
    %imshow(I) 
    %Ih=imread([sample,'_',num2str(i),'h.tif']);       
%imports image of vertical 
    Ih=imread([num2str(start_no+i-1),'h.tif']);       
%imports image of vertical 
    Ih=im2double(Ih);                       %changes file 
    Ih=im2bw(Ih,.01);                        %makes binary 
w v. low threshold 
    %Ih=bwareaopen(Ih,1000); 
    Ih=bwlabel(Ih); 
    %figure 
    %imshow(Ih) 
    %Iv=imread([sample,'_',num2str(i),'v.tif']);       
%imports image of vertical 
    Iv=imread([num2str(start_no+i-1),'v.tif']);       
%imports image of vertical 
    Iv=im2double(Iv);                       %changes file 
    Iv=im2bw(Iv,.01);                        %makes binary 
w v. low threshold 
Appendices
A-44
    %Ih=bwareaopen(Ih,1000); 
    Iv=bwlabel(Iv); 
    %figure 
    %imshow(Iv) 
    
    %collects shape parameters 
    stats=regionprops(I,'Area','BoundingBox',...    %takes 
stats for each particle 
            'EquivDiameter','MajorAxisLength',... 
            'Extent','Perimeter'); 
    statsh=regionprops(Ih,'MajorAxisLength');    % length 
of vert 
    statsv=regionprops(Iv,'MajorAxisLength');    % length 
of vert 
    partA=[stats.Area];                     %particle areas 
    partP=[stats.Perimeter];               %particle 
perimeters 
    box=[stats.BoundingBox]; 
    eqP=pi()*[stats.EquivDiameter]; 
    maj=[statsh.MajorAxisLength]; 
    %start_no+i-1 
    %size(maj) 
    %size(min) 
    %cont=input('good?'); 
    min=mean([statsv.MajorAxisLength]); 
    Comp=[stats.Extent]; 
%Re-organizes shape parameters 
    boxA(1,i)=box(3)*box(4);                %defines the  
    boxP(1,i)=2*(box(3)+box(4));            %minimum chord 
    %min(1,i)=partA/maj;                     %of each 
particle based on bounding box                    
%Prepares results into tractable matrix 
    Result(i,1)=partP/eqP; 
    Comp 
    Result(i,2)=Comp; 
    Result(i,3)=partP/boxP(i); 
    Result(i,4)=maj/min; 
    NonStat(i,1)=Result(i,1)*Result(i,4); 
    NonStat(i,2)=Result(i,2)*Result(i,3); 
    Output(i,1)=i; 
end 
% "Basics" gives: Circ-Comp-Rect-Elong-Circ*Elong(x)-
Rect*Comp(y) 
%save Basics.txt Result -ascii 
%Result 
  












%Component loadings or Factor Loadings 
Sr=Ar/(Ar'*Ar); %Score weights 
Fr=x*Sr; 
Output=[Output Result NonStat Fr]; 









Appendix D.3. Ash shape factors. 
Grain no. Circ Comp Rect Elong Grain no. Circ Comp Rect Elong Grain no. Circ Comp Rect Elong
Northern cone Northern cone Southern cone
6001 1.24 0.64 0.88 1.96 3062 1.34 0.63 0.94 1.95 270 1.22 0.72 0.91 1.45
6002 1.26 0.62 0.88 1.83 3063 1.37 0.65 0.90 3.47 271 1.26 0.66 0.91 1.75
6003 1.44 0.62 0.97 2.92 3064 1.40 0.56 0.91 2.45 272 1.41 0.60 0.94 2.62
6004 1.33 0.60 0.90 2.29 3065 1.30 0.78 1.01 1.55 273 1.29 0.71 0.96 1.64
6005 1.47 0.59 0.93 3.55 3066 1.28 0.85 1.03 1.59 274 1.28 0.66 0.92 1.67
6006 1.39 0.66 0.97 2.55 3067 1.36 0.69 0.99 1.73 275 1.40 0.65 0.99 2.37
6007 1.41 0.68 1.02 2.36 3068 1.28 0.66 0.91 2.09 276 1.34 0.67 0.96 1.99
6008 1.36 0.55 0.86 3.11 3069 1.60 0.60 1.04 3.60 277 1.48 0.69 1.06 2.42
6009 1.52 0.58 0.92 4.54 3070 1.59 0.64 1.09 2.80 278 1.46 0.68 1.03 2.83
6010 1.39 0.66 0.98 2.18 3071 1.63 0.42 0.92 3.29 279 1.32 0.80 1.04 1.57
6011 1.34 0.60 0.90 2.53 3072 1.25 0.66 0.89 1.99 280 1.34 0.64 0.95 1.89
6012 1.52 0.72 1.02 3.95 3073 1.41 0.67 0.98 2.90 281 1.46 0.70 1.06 2.19
6013 1.50 0.73 1.02 3.78 3074 1.45 0.66 0.99 2.74 282 1.68 0.47 1.02 2.37
6014 1.39 0.62 0.94 2.82 3075 1.21 0.73 0.89 2.19 283 1.46 0.64 1.02 2.42
6015 1.36 0.65 0.96 1.96 3076 1.51 0.56 0.97 3.41 284 1.21 0.67 0.87 1.94
6016 1.80 0.52 1.14 2.48 3077 1.29 0.58 0.86 2.47 285 1.39 0.62 0.93 3.08
6017 1.24 0.75 0.92 2.58 3078 1.29 0.71 0.94 2.03 286 1.30 0.70 0.93 2.41
6018 1.51 0.64 0.97 3.97 3079 1.35 0.56 0.89 2.10 287 1.43 0.51 0.90 2.60
6019 1.23 0.77 0.94 1.83 3080 1.43 0.47 0.85 3.27 288 1.43 0.63 0.91 3.96
6020 1.37 0.65 0.97 2.22 3081 1.28 0.75 0.98 1.32 289 1.69 0.57 1.09 3.15
6021 1.57 0.50 0.90 4.69 3082 1.29 0.68 0.92 2.23 290 1.52 0.59 0.99 3.12
6022 1.57 0.45 0.91 3.10 3083 1.46 0.53 0.92 2.82 291 1.40 0.64 0.95 2.92
6023 1.77 0.48 1.06 3.67 3084 1.76 0.47 1.00 4.65 292 1.58 0.51 0.99 2.83
6024 1.38 0.61 0.93 2.51 3085 1.31 0.59 0.88 2.44 293 1.52 0.61 0.96 3.77
6025 1.63 0.58 1.03 3.52 3086 1.28 0.65 0.92 1.78 294 1.31 0.65 0.93 1.97
6026 1.89 0.46 1.13 3.57 3087 1.38 0.72 1.01 2.23 295 1.35 0.71 1.00 1.82
6027 1.56 0.53 0.98 3.35 3088 1.32 0.70 0.94 2.41 296 1.29 0.70 0.95 1.79
6028 1.64 0.56 1.06 3.15 3089 1.59 0.58 1.05 3.20 297 1.33 0.70 0.97 2.17
6029 1.29 0.82 1.03 1.58 3090 1.37 0.59 0.90 2.75 298 1.51 0.54 0.96 2.81
6030 1.65 0.58 1.07 3.16 3091 1.68 0.48 1.02 3.13 299 1.64 0.47 0.97 3.51
6031 1.36 0.69 0.99 2.15 3092 1.36 0.62 0.94 1.97 300 1.36 0.73 1.01 2.26
6032 1.56 0.71 1.01 4.27 3093 1.32 0.61 0.87 3.20 301 1.68 0.55 1.05 3.67
6033 1.33 0.76 1.02 1.82 3094 1.54 0.59 1.01 2.97 302 1.41 0.68 1.03 2.04
6034 1.26 0.57 0.84 2.01 3095 1.41 0.55 0.92 2.25 303 1.39 0.76 0.98 3.23
6035 1.26 0.69 0.92 1.84 3096 1.33 0.58 0.89 2.63 304 1.28 0.64 0.90 1.92
6036 1.93 0.46 1.16 3.36 3097 1.38 0.67 0.99 2.17 305 1.77 0.55 1.11 3.56
6037 1.75 0.44 0.99 3.27 3098 1.51 0.56 1.00 2.27 306 1.31 0.67 0.93 2.48
6038 1.46 0.67 0.96 3.60 3099 1.38 0.63 0.93 3.03 307 1.28 0.76 0.96 2.20
6039 1.61 0.62 1.02 4.15 3100 1.32 0.66 0.94 2.02 308 1.51 0.53 0.97 2.37
6040 1.42 0.55 0.91 2.93 Southern cone 309 1.38 0.82 1.07 2.01
6041 1.67 0.42 0.93 3.75 200 1.53 0.61 1.02 2.94 310 1.25 0.75 0.96 1.45
6042 1.93 0.38 0.96 6.35 201 1.33 0.64 0.95 1.56 311 1.45 0.57 0.94 3.11
6043 1.56 0.61 1.02 2.95 202 1.25 0.73 0.91 2.40 312 1.53 0.49 0.94 2.88
6044 1.41 0.65 1.00 1.97 203 1.64 0.57 1.01 3.78 313 1.39 0.61 0.96 1.68
6045 1.35 0.61 0.90 2.89 204 1.47 0.61 0.97 3.07 314 1.52 0.72 1.01 3.73
6046 1.22 0.62 0.85 1.91 205 1.40 0.74 1.05 2.37 315 1.42 0.51 0.90 2.32
6047 1.44 0.66 0.99 2.90 206 1.42 0.67 0.98 2.79 316 1.48 0.55 0.95 2.69
6048 1.39 0.65 0.90 3.77 207 1.30 0.71 0.94 2.18 317 1.56 0.50 0.97 3.02
6049 1.43 0.54 0.92 2.46 208 1.43 0.55 0.93 2.60 318 1.58 0.59 1.03 3.16
3001 1.63 0.55 1.00 3.85 209 1.55 0.61 1.05 2.54 319 1.58 0.50 0.91 4.66
3002 1.25 0.66 0.88 2.22 210 1.28 0.66 0.90 2.40 320 1.24 0.70 0.92 1.45
3003 1.32 0.65 0.94 1.81 211 1.37 0.57 0.91 2.33 321 1.41 0.53 0.90 2.34
3004 1.37 0.61 0.93 2.50 212 1.31 0.73 0.98 1.71 322 1.47 0.60 0.98 2.52
3005 1.27 0.65 0.89 2.25 213 1.47 0.65 1.00 2.83 323 1.35 0.71 0.95 2.81
3006 1.42 0.56 0.93 2.39 214 1.38 0.73 1.04 2.14 324 1.49 0.61 1.00 2.94
3007 1.18 0.73 0.88 1.55 215 1.35 0.61 0.93 2.06 325 1.40 0.58 0.90 3.15
3008 1.39 0.63 0.94 2.78 216 1.29 0.62 0.87 2.71 326 1.48 0.53 0.94 2.59
3009 1.71 0.59 1.01 4.18 217 1.28 0.60 0.88 2.00 327 1.22 0.75 0.93 1.84
3010 1.31 0.63 0.90 2.57 218 1.35 0.67 0.97 2.05 328 1.36 0.64 0.96 2.04
3011 1.32 0.72 0.99 1.81 219 1.46 0.60 1.00 2.07 329 1.44 0.56 0.94 2.57
3012 1.52 0.53 0.97 3.06 220 1.50 0.58 1.01 2.38 330 1.84 0.40 1.02 3.66
3013 1.62 0.40 0.90 3.00 221 1.29 0.67 0.93 1.99 331 1.44 0.69 1.06 1.79
3014 1.56 0.50 0.95 3.37 222 1.61 0.63 1.12 2.42 332 1.43 0.50 0.88 3.06
3015 1.42 0.53 0.91 2.17 223 1.46 0.65 1.01 2.67 333 1.34 0.63 0.91 2.79
3016 1.51 0.61 0.98 3.25 224 1.38 0.75 1.06 1.49 334 1.30 0.72 0.98 1.67
3017 1.43 0.52 0.89 2.80 225 1.97 0.43 1.08 4.97 335 1.28 0.79 1.01 1.46
3018 1.42 0.57 0.92 2.94 226 1.51 0.63 0.97 3.56 336 1.45 0.68 1.01 2.83
3019 1.61 0.52 0.99 4.16 227 1.57 0.59 1.06 2.59 337 1.29 0.53 0.82 2.48
3020 1.66 0.51 0.98 4.13 228 1.36 0.68 0.92 3.30 338 1.55 0.55 0.93 4.33
3021 1.36 0.52 0.85 2.71 229 1.44 0.67 1.00 2.69 339 1.34 0.67 0.96 1.77
3022 1.29 0.63 0.90 2.18 230 1.32 0.67 0.93 2.22 340 1.34 0.64 0.95 1.62
3023 1.39 0.59 0.94 2.32 231 1.31 0.65 0.93 2.17 341 1.30 0.69 0.93 2.45
3024 1.34 0.62 0.88 3.33 232 1.41 0.60 0.97 2.24 342 1.29 0.63 0.90 2.13
3025 1.51 0.60 0.94 3.90 233 1.44 0.52 0.89 3.41 343 1.38 0.63 0.96 2.14
3026 1.24 0.73 0.91 2.20 234 1.42 0.65 0.96 2.90 344 1.29 0.64 0.91 1.94
3027 1.52 0.53 0.96 2.90 235 1.34 0.75 1.02 1.75 345 1.42 0.56 0.92 2.87
3028 1.38 0.55 0.89 2.52 236 1.66 0.49 1.01 3.09 346 1.36 0.65 0.96 2.32
3029 1.70 0.52 1.00 4.36 237 1.32 0.72 0.98 2.20 347 1.37 0.62 0.95 2.32
3030 1.22 0.72 0.91 1.63 238 1.18 0.75 0.90 1.84 348 1.57 0.63 1.06 3.14
3031 1.43 0.60 0.92 3.40 239 1.92 0.51 1.17 3.65 349 1.36 0.75 1.03 1.94
3032 1.22 0.72 0.89 2.31 240 1.50 0.51 0.91 3.57 350 1.31 0.69 0.96 2.10
3033 1.22 0.60 0.84 1.61 241 1.35 0.65 0.95 2.37 351 1.43 0.55 0.93 2.39
3034 1.56 0.53 0.98 2.20 242 1.52 0.58 1.01 2.61 352 1.63 0.51 1.02 2.99
3035 1.44 0.58 0.94 3.14 243 1.24 0.59 0.84 2.03 353 1.31 0.59 0.88 2.37
3036 1.74 0.47 1.04 3.28 244 1.39 0.81 1.05 2.31 354 1.41 0.58 0.94 2.39
3037 1.60 0.64 1.07 3.12 245 1.51 0.66 1.01 3.41 355 1.36 0.70 0.99 2.14
3038 1.38 0.63 0.92 3.01 246 1.37 0.67 0.98 2.31 356 1.61 0.58 0.97 4.55
3039 1.44 0.55 0.91 3.24 247 1.57 0.58 1.06 2.60 357 1.48 0.58 0.96 3.05
3040 1.58 0.51 0.94 3.90 248 1.55 0.60 1.01 3.36 358 1.43 0.69 1.05 1.81
3041 1.51 0.62 1.04 2.20 249 1.47 0.67 1.05 2.24 359 1.38 0.59 0.93 2.12
3042 1.72 0.51 1.00 4.34 250 1.60 0.49 0.96 3.14 360 1.81 0.54 1.16 2.99
3043 1.42 0.57 0.92 2.85 251 1.33 0.63 0.93 1.99 361 1.23 0.69 0.91 1.59
3044 1.37 0.68 1.00 1.69 252 1.40 0.65 0.98 2.49 362 1.57 0.48 0.96 3.24
3045 1.43 0.59 0.93 3.16 253 1.40 0.55 0.92 2.30 363 1.28 0.72 0.96 1.67
3046 1.65 0.58 1.02 4.22 254 1.47 0.50 0.92 2.49 364 1.45 0.62 0.98 2.82
3047 1.49 0.48 0.89 3.20 255 1.59 0.62 1.10 2.30 365 1.35 0.63 0.95 2.02
3048 1.34 0.59 0.91 2.23 256 1.29 0.75 0.97 1.99 366 1.55 0.65 1.10 2.03
3049 1.50 0.53 0.97 1.98 257 1.31 0.62 0.89 2.99 367 1.69 0.51 1.06 2.76
3050 1.76 0.45 0.96 4.38 258 1.38 0.63 0.94 2.48 368 1.39 0.59 0.92 2.50
3051 1.40 0.70 1.01 2.49 259 1.29 0.64 0.91 2.02 369 1.30 0.71 0.96 1.84
3052 1.56 0.58 0.99 3.58 260 1.55 0.53 0.99 2.50 370 1.18 0.71 0.87 1.57
3053 1.32 0.59 0.89 2.30 261 1.34 0.74 0.94 3.09 371 1.47 0.58 0.97 2.53
3054 1.33 0.67 0.90 3.10 262 1.40 0.59 0.95 2.31 372 1.38 0.81 1.08 1.85
3055 1.65 0.55 1.03 3.41 263 1.35 0.63 0.93 2.28 373 1.29 0.67 0.92 2.09
3056 1.42 0.55 0.92 2.71 264 1.37 0.60 0.94 2.20 374 1.28 0.68 0.93 1.98
3057 1.53 0.53 0.93 3.60 265 1.42 0.73 1.03 2.57 375 1.58 0.71 1.08 3.24
3058 1.36 0.66 0.98 2.03 266 1.27 0.60 0.87 1.98 376 1.38 0.58 0.93 2.19
3059 1.42 0.67 0.97 2.88 267 1.31 0.64 0.91 2.28 377 1.59 0.53 0.98 3.60
3060 1.41 0.53 0.90 2.66 268 1.40 0.68 0.97 2.87 378 1.42 0.55 0.89 3.42
3061 1.14 0.73 0.87 1.39 269 1.51 0.57 1.01 2.22 379 1.66 0.56 1.05 3.60
A-47
Appendices
Grain no. Circ Comp Rect Elong Grain no. Circ Comp Rect Elong Grain no. Circ Comp Rect Elong
Southern cone Southern cone Kilauea Iki
380 1.36 0.58 0.92 1.85 2041 1.64 0.52 1.04 2.41 5018 1.60 0.48 0.97 2.54
381 1.75 0.51 1.05 3.97 2042 1.38 0.68 0.92 3.35 5019 1.25 0.72 0.92 1.92
382 1.67 0.49 1.03 2.67 2043 1.48 0.60 0.96 3.11 5020 1.56 0.71 1.02 3.94
383 1.30 0.70 0.92 2.58 2044 1.31 0.57 0.86 2.76 5021 1.47 0.63 1.00 2.65
384 1.57 0.53 0.96 3.78 2045 1.74 0.50 1.05 3.41 5022 1.76 0.47 1.07 2.12
385 1.29 0.63 0.90 1.95 2046 1.32 0.61 0.90 2.27 5023 1.99 0.42 1.05 4.96
386 1.28 0.73 0.96 1.71 2047 1.33 0.69 0.95 2.64 5024 1.80 0.48 1.04 4.11
387 1.64 0.57 1.01 3.70 2048 1.43 0.62 0.97 2.69 5025 1.64 0.55 1.07 2.95
388 1.49 0.71 1.06 2.87 2049 1.40 0.70 0.97 3.09 5026 1.61 0.47 0.97 2.73
389 1.59 0.51 0.91 4.90 2050 1.46 0.53 0.94 2.15 5027 1.67 0.53 1.05 3.34
390 1.53 0.66 1.08 2.59 2051 1.29 0.66 0.87 3.04 5028 1.82 0.46 1.07 3.77
391 1.22 0.70 0.90 1.89 2052 1.46 0.55 0.94 2.65 5029 1.67 0.46 1.00 2.90
392 1.64 0.49 1.01 2.84 2053 1.35 0.51 0.85 2.09 5030 1.54 0.50 0.96 2.30
393 1.60 0.64 1.05 3.26 2054 1.32 0.55 0.86 2.25 5031 1.53 0.61 1.05 2.39
394 1.26 0.75 0.94 2.30 2055 1.23 0.61 0.83 2.44 5032 1.71 0.61 1.03 4.86
395 1.44 0.56 0.91 3.23 2056 1.36 0.54 0.85 3.14 5033 1.56 0.49 0.96 2.54
396 1.26 0.57 0.84 2.12 2057 1.95 0.52 1.01 7.66 5034 1.81 0.54 1.15 3.73
397 1.43 0.70 0.97 3.43 2058 1.20 0.73 0.90 1.80 5035 1.38 0.56 0.91 2.17
398 1.75 0.57 1.15 2.88 2059 1.48 0.54 0.95 2.41 5036 1.89 0.47 1.15 2.61
399 1.28 0.68 0.93 1.96 2060 1.43 0.54 0.91 2.79 5037 1.62 0.54 1.04 2.44
400 1.46 0.81 0.96 4.32 2061 1.45 0.72 1.01 3.15 5038 1.71 0.51 1.05 3.40
401 1.40 0.60 0.93 2.80 2062 1.44 0.71 1.00 3.17 5039 1.56 0.56 0.96 3.65
402 1.41 0.58 0.92 2.87 2063 1.25 0.75 0.94 1.93 5040 1.51 0.51 0.95 2.36
403 1.43 0.56 0.95 2.01 2064 1.40 0.66 0.95 2.90 5041 1.81 0.54 1.13 3.25
404 1.32 0.68 0.96 1.80 2065 1.36 0.55 0.85 3.38 5042 1.85 0.44 1.09 2.89
405 1.48 0.67 1.07 2.24 2066 1.24 0.76 0.92 2.25 5043 1.64 0.52 1.04 2.61
406 1.61 0.45 0.95 2.48 2067 1.65 0.49 1.00 3.64 5044 1.52 0.60 1.02 2.62
407 1.37 0.63 0.95 2.20 2068 1.46 0.61 0.95 3.16 5045 1.73 0.62 1.11 4.19
408 1.42 0.56 0.94 2.04 2069 1.67 0.55 1.09 2.34 5046 1.51 0.61 1.01 2.31
409 1.35 0.69 0.95 2.65 2070 1.64 0.62 1.12 3.00 5047 1.55 0.66 1.07 2.82
410 1.56 0.47 0.94 3.11 2071 1.29 0.63 0.90 2.39 5048 1.58 0.60 1.05 3.28
411 1.30 0.58 0.85 2.84 2072 1.42 0.58 0.92 3.14 5049 1.57 0.62 1.07 2.71
412 1.40 0.58 0.93 2.77 2073 1.38 0.68 1.00 1.97 5050 1.44 0.79 1.06 3.03
413 1.25 0.63 0.88 1.55 2074 1.30 0.72 0.95 2.32 163-1-A
414 1.36 0.57 0.91 1.91 2075 1.49 0.56 0.94 2.91 60 1.32 0.63 0.92 2.73
415 1.34 0.62 0.93 2.03 2076 1.54 0.54 0.96 3.49 61 1.25 0.80 0.98 2.00
416 1.31 0.69 0.91 2.94 2077 1.20 0.79 0.94 1.06 62 1.35 0.80 1.03 2.65
417 1.50 0.64 1.02 2.82 2078 1.31 0.71 0.96 2.17 63 1.26 0.67 0.91 2.47
418 1.90 0.45 1.11 4.03 2079 1.26 0.71 0.93 1.87 64 1.23 0.77 0.94 1.94
419 1.46 0.55 0.94 3.10 2080 1.31 0.64 0.90 2.59 65 1.41 0.72 1.04 2.48
420 1.45 0.59 0.97 2.58 2081 1.38 0.54 0.86 3.26 66 1.45 0.68 0.99 3.48
421 1.50 0.63 1.03 2.73 2082 1.46 0.58 0.96 2.47 67 1.42 0.55 0.90 3.43
422 1.38 0.72 1.00 2.35 2083 1.47 0.67 0.94 4.23 68 1.59 0.67 1.01 4.47
423 1.68 0.56 1.09 2.99 2084 1.38 0.58 0.88 3.42 69 1.37 0.75 1.02 2.31
424 1.75 0.55 1.01 5.14 2085 1.51 0.56 0.91 3.98 70 1.42 0.75 1.05 2.76
425 1.28 0.67 0.91 2.24 2086 1.36 0.60 0.92 2.12 71 1.38 0.68 0.97 2.77
426 1.28 0.66 0.90 1.82 2087 1.29 0.61 0.88 2.15 72 1.30 0.64 0.90 2.93
427 1.46 0.63 1.00 2.76 2088 1.52 0.57 0.99 2.88 73 1.56 0.63 1.00 4.35
428 1.34 0.77 1.04 1.53 2089 1.36 0.69 0.96 2.34 74 1.46 0.76 1.05 3.27
429 1.21 0.71 0.89 1.93 2090 1.27 0.71 0.94 1.53 75 1.21 0.72 0.89 2.02
430 1.32 0.74 1.01 1.69 2091 1.38 0.53 0.86 2.97 76 1.41 0.61 0.97 2.71
431 1.35 0.71 1.00 2.16 2092 1.27 0.71 0.92 2.19 77 1.26 0.74 0.94 2.44
432 1.25 0.60 0.86 1.95 2093 1.50 0.67 0.96 4.15 78 1.28 0.69 0.93 2.39
433 1.31 0.69 0.95 2.30 2094 1.54 0.49 0.96 3.01 79 1.39 0.69 1.01 2.25
434 1.53 0.59 0.99 3.19 2095 1.26 0.66 0.89 2.30 80 1.49 0.57 0.97 3.25
435 1.23 0.62 0.86 1.94 2096 1.60 0.55 1.02 3.57 81 1.39 0.64 0.94 2.75
436 1.32 0.68 0.96 1.87 2097 1.31 0.61 0.89 2.34 82 1.55 0.66 1.06 3.24
437 1.38 0.52 0.87 2.57 2098 1.50 0.51 0.91 3.32 83 1.40 0.64 0.98 2.53
438 1.31 0.62 0.91 2.13 2099 1.52 0.62 0.99 3.39 84 1.65 0.73 1.23 2.62
439 1.42 0.63 0.96 2.64 2100 1.30 0.58 0.87 1.75 4001 1.45 0.68 0.99 2.91
440 1.30 0.75 1.00 1.91 VOC2 1.35 0.65 0.95 1.82 4002 1.40 0.61 0.96 1.69
441 1.36 0.65 0.97 1.75 VOC1 1.26 0.71 0.91 2.42 4003 1.37 0.68 0.93 3.12
442 1.58 0.68 1.05 3.52 Kilauea Iki 4004 1.41 0.61 0.95 2.70
443 1.61 0.53 0.96 4.21 30 1.84 0.47 1.09 4.02 4005 1.22 0.66 0.88 1.83
444 1.50 0.59 0.99 2.75 31 1.58 0.69 1.16 1.66 4006 1.27 0.63 0.89 2.06
445 1.30 0.63 0.91 2.21 32 1.66 0.58 1.11 3.10 4007 1.30 0.68 0.89 2.77
446 1.36 0.64 0.94 2.27 33 1.91 0.55 1.24 3.77 4008 1.20 0.65 0.84 2.15
447 1.39 0.73 1.05 1.76 34 2.00 0.50 1.24 3.74 4009 1.22 0.69 0.90 1.45
448 1.71 0.59 1.14 3.13 35 2.29 0.44 1.35 3.87 4010 1.26 0.64 0.86 2.62
449 1.53 0.71 1.01 3.62 36 1.72 0.64 1.21 2.85 4011 1.24 0.72 0.93 1.66
2001 1.50 0.56 0.98 2.63 37 1.81 0.60 1.19 3.83 4012 1.45 0.69 0.94 4.00
2002 1.72 0.48 0.98 4.16 38 1.93 0.59 1.28 3.34 4013 1.18 0.67 0.85 2.06
2003 1.54 0.61 1.01 3.42 39 1.99 0.48 1.21 3.48 4014 1.29 0.67 0.89 2.77
2004 1.54 0.53 0.94 3.45 40 2.07 0.43 1.18 4.41 4015 1.32 0.68 0.94 2.55
2005 1.38 0.63 0.97 2.10 41 1.96 0.67 1.42 3.10 4016 1.18 0.73 0.88 2.01
2006 1.39 0.67 0.98 2.32 42 1.95 0.59 1.23 4.64 4017 1.33 0.61 0.88 3.02
2007 1.51 0.69 1.09 2.13 43 2.10 0.51 1.28 4.54 4018 1.22 0.71 0.90 2.42
2008 1.38 0.65 0.94 3.05 44 1.81 0.62 1.22 3.25 4019 1.22 0.72 0.91 1.96
2009 1.47 0.64 1.04 1.38 45 1.77 0.54 1.16 2.25 4020 1.22 0.74 0.87 2.73
2010 1.38 0.60 0.86 4.34 46 1.77 0.52 1.13 3.00 4021 1.32 0.66 0.93 2.42
2011 1.39 0.61 0.96 2.09 47 2.13 0.39 1.15 5.63 4022 1.46 0.68 0.97 3.42
2012 1.24 0.75 0.93 2.36 48 2.11 0.44 1.24 3.76 4023 1.62 0.53 0.99 3.59
2013 1.43 0.64 1.01 2.06 49 2.12 0.46 1.26 4.50 4024 1.30 0.59 0.85 2.84
2014 1.30 0.54 0.83 2.39 50 2.01 0.46 1.20 3.52 4025 1.28 0.74 0.88 3.56
2015 1.70 0.53 1.09 2.58 51 2.05 0.53 1.21 5.13 4026 1.27 0.73 0.96 1.61
2016 1.36 0.61 0.91 2.66 52 2.02 0.54 1.28 4.51 4027 1.48 0.65 0.94 4.12
2017 1.54 0.65 1.07 2.67 53 2.06 0.47 1.23 3.98 4028 1.49 0.70 0.93 4.50
2018 1.23 0.62 0.86 2.03 54 1.96 0.54 1.24 4.17 4029 1.18 0.69 0.86 1.77
2019 1.35 0.72 0.97 2.48 55 1.94 0.46 1.16 3.12 4030 1.30 0.72 0.96 2.33
2020 1.52 0.62 1.06 1.79 56 1.75 0.48 1.07 3.05 4031 1.13 0.71 0.84 1.49
2021 1.58 0.49 0.96 3.14 57 1.99 0.47 1.15 4.95 4032 1.23 0.78 0.93 2.05
2022 1.87 0.51 1.06 4.96 58 1.71 0.68 1.21 3.21 4033 1.46 0.80 1.05 3.04
2023 1.52 0.59 0.95 3.77 59 1.79 0.65 1.27 2.00 4034 1.27 0.77 0.99 1.42
2024 1.32 0.55 0.86 1.95 5001 1.39 0.69 1.00 2.16 4035 1.24 0.66 0.86 2.43
2025 1.49 0.43 0.86 2.83 5002 2.08 0.43 1.15 4.85 4036 1.25 0.59 0.83 2.66
2026 1.58 0.64 1.11 2.06 5003 1.86 0.49 1.11 3.93 4037 1.27 0.88 0.95 3.12
2027 1.56 0.68 1.06 3.19 5004 1.73 0.50 1.06 3.24 4038 1.61 0.55 0.98 4.03
2028 1.53 0.47 0.91 3.10 5005 1.69 0.43 0.96 2.88 4039 1.45 0.62 0.93 3.83
2029 1.40 0.61 0.96 2.52 5006 1.90 0.61 1.08 6.40 4040 1.32 0.76 0.99 2.24
2030 1.52 0.56 0.98 3.39 5007 1.74 0.59 1.08 3.97 4041 1.35 0.70 0.94 3.65
2031 1.36 0.60 0.93 2.35 5008 1.29 0.71 0.96 2.06 4042 1.42 0.63 0.92 3.53
2032 1.56 0.60 1.04 3.11 5009 1.57 0.58 1.06 1.99 4043 1.39 0.61 0.90 3.17
2033 1.10 0.75 0.85 1.40 5010 1.54 0.50 0.94 2.99 4044 1.72 0.61 0.96 6.27
2034 1.42 0.55 0.90 2.86 5011 1.68 0.51 1.03 3.55 4045 1.24 0.75 0.95 1.27
2035 1.45 0.63 0.98 2.71 5012 1.67 0.44 0.97 3.39 4046 1.35 0.71 0.92 3.30
2036 1.21 0.64 0.85 1.98 5013 1.68 0.49 1.02 2.80 4047 1.16 0.76 0.90 1.37
2037 1.49 0.58 1.01 2.68 5014 1.45 0.66 1.04 2.01 4048 1.33 0.68 0.91 2.81
2038 1.32 0.68 0.92 2.64 5015 1.77 0.51 1.08 3.65 4049 1.19 0.79 0.94 1.05
2039 1.56 0.64 1.04 3.16 5016 1.41 0.56 0.92 2.81 4050 1.16 0.79 0.91 1.24
2040 1.48 0.57 0.92 3.70 5017 1.55 0.54 1.00 2.92
